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On the theory of a free air jet and its application.

G. N. Abramovich.
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SUM-MAR Y

The present report confined to the problem of a free air'jet is divided
into three parts.

In the first part the author develops a theory of a free air Jet which
covers the cases of a plane flow and of an axially symmetrical one (a circu-
lar jet). The analysis is based on the Prandtl.Tollmlen law of free turbulence.
The theory of a free jet allows to determine the form of the flow and the
distribution laws for velocity, temperature and those foc concentration of gas
admixtures both across arid along the flow.

In the second part a method. of an aerodvnamical design of free
jets both plane and circular is developed. This met'hod allows to determine
the laws of variation of the mean velocity, the discharge and the energy
along the free jet.

The third part is confined to the problem of technical applications of the
free jet theory; the following problems are considered:

1) The design of an air screen,
2) The resistance of the labyrinth packing of turbo machines (blowers,

compressors, pumps etc.),
3) The external resistance of pipe coolers,
4) The deflection of jets, the temperature of which differs from that of

( the surrounding medium.
The developed theory and the method of calculation applied are in good

agreement with the experiment.
The main feature of the present investigation is the use of one expe-

rimental constant only namely that of the Prandti-Tolimien free turbulence
theory.

-I
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PREFACE.

As the first application/appendix of Prandtl theory of "mixing

length" - this basis of the ccntemporary theories of turbulence, as

is known, served free liquid jet in the ficoded space. The given

mainly by Prandtl himself and the developed further by Tollsien free

boundaries theory led to the sc/such bright coincidence with the

experimental materials, that further development of the idea of

"mixing length" with already this fact was provided.

It is necessary to say that in sp4.te of the obvious practical

importance of the theory cf jet in questions of ventilation and heat

engineering and extreme thecretical simplicity of analysis, the

engineers did not catch this theory and they continued to remain

during the usual hydraulic cctsiructions, supported only by new

0pirical data. As basic reason this served, apparently certain

sketchiness of the thecry of the jet c. Prandtl-Tollaien, which does

n.ot consider thp role of the Initial diameter of jet so/such

important in the short jets.

To G. N. Abramovich helcrgs the large and serious services cf
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thp generalization of the thecry of Prandtl-Tol'min to the case Cf j
the jet of final diameter at the output and the settings and the

solutions of the problem abcut the initial section of jet.

After noting the experimental fact of the similarity of the

velocity profile in the disturbed part of the initial section to the

velocity profile in basic part cf the jet, it extremely in detail and

methodically studied the bebavicr of jet taking into account to the

role of initial section. Usirg in basic the same mathematical method,

as Prandtl-Tollmien, Eng. Ahramcvich leads all his

linings/calculations to such development, that they make it possible

for it to give the complete aercdynamic crev of jet and to stop at

the surprisingly interesting ard new applications of theory of jet to

thq series/row of engineering questions.

Are such the given by G. N. Abramovich calculations of

resistance of labyrinth seals, bank of tubes and finally the proposed

to them theory of air curtain.

All these questions, until now, underwent no serious

investigations. Contemporary vertilation engineer, who carries out

questions of "air curtains" greatly much relies on his art and

intuition. G. N. Abramovich's w¢ck ffers the pcssibility to replace

with rational calculaticn t1te ursteady bases of hydraulic
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ist3.mations. If the wide circles of our engineers find possible more

closqly to become acquainted with G. V. Abramovich's works, then they

doubtlessly strongly enrich tkeir practical knowledge by the

combining theory.

The object/subject of the experiment of G. N. Abramovich is so

manifold and complex that it is certainly necessary to even during

numerous commercial tests check the corrqctness of the proposed to

them calculations, but already and those checkings which are given by

the author for the elongatica/extent of his work, they make it

necessary to think that authcr's path is correct.

The theory of air curtain includes a comparative-ly primitive

* assumption about the simple superposition cf two flows of different

structure.

Page 4.

This, of course, most approximate construction, but is difficult to

r commend to the author anythJrg ancther in this extremely

complicated question. If experiment shows sufficient agreement with

the calculation, produced on this basis/base, then this

approximation/approach to obtain the wide rights of citizenship. In

the ideal fluid theory the assumption about the imposition of flcws

o,
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is made constantly.

G. N. Abramovich's wcrk doubtlessly is among distinct works on

applied aerodynamics. It it is recessary immediately to publish and

to attain wide acceptance in tc the circle of those, who wcrk in the

area of ventilation tecbnclcgy. The criticism of these persons will

be extremely useful for checking author's basic assumptions, made in

his calculations.

Active member of ISAGI, Prof. Dr. Loytsyanskiy

4 a
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I NTRODUCT 10 N.

It is univarsally-adcpted engineering aArodynamics to subdivide

into two divisions. The first of them covers the so-called "exterior

problam" - t1e problem of interaction of solid body and air flew,

which flows around about the this bcdy.

The second describes "int-rnal problem" - the problem about air

motion in thp space, bounded ty solid walls (motion in the

con duit/man ifold) .

The division indicated is mqry convenient and demonstrative, but

unfortunataly not completely ccaprehensive. The fact is that the

contemporary technology, in particular in the latter/last 5-10 years,

gave riss to many aerodynemic froblems which either partly or whclly

cannot be related either to "ezternal" or to the "internal" problems.

.Are such the questions:

1) the propagation of warm and cold air jets in the production

locations;

~~~~~~~~ ~~~ 71 "7'T 1f'ii,_-.: .--:+' -- .]
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2) calculation and the design of "air showers" for metallurgical

plants;

3) calculation and the ccnstruction of the "air curtains", which

prev.nt invasion of cold cr ccntaminated air masses in the industrial

buildings;

4) the calculation of cper wind-tunnel test section;

5) the calculation of the labyrinth seals of air blowers;

6) resistance of tubular heat exchangers and many others.

The genpral/common/tctal feature of the enumerated questions is

the fact that they all are directly connected with the problem about

thn propagation of free jet in the space, filled with the medium of

the same physical properti.s, as the substance of jet. In this case

the first four questions it is rct completely connected with the

problems about relative air action and solid body. The fifth question

can be to the identical degree related both to the "internal problem"

and to the "problem about the free jet". The sixth question is

conr'ctpd in the equal measure with all three problems.

Th' given far incomplete enumerati.on of the questions of

- , erz
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engineering aerodynamics, ccnaected with the problem of free jet,

testifies abcut the large urgency of this problem.

It is logical therefore that a whole series of aerodynamicists

was occupied by its study. First serious wcrk in this region was

published in 1915. Its authcr - Dr.-Engineer T. Truepe.

investigated the experimentally velocity fields of airstream, which

* escape/ensued from the nczzle Irtc laige-size airspace'.

FOOTNOTE 1. The detailed bibliographical directory of the enumerated

works is given at the end of cut article. ENDFOCTNOTE.

The following large experimental investigation of free jet produced

4.n 1921 V. ZJmm. The very interesting experimental investigation of

air jet is published in 1927 It the second collector/collection of

the Goettingen aerodynamic irstitute.

In 1933, 1934 and 1935 were published, which relate the same

* question, the works of Ruden, Pcertmann, Ccuette, Turkus and

Pregdvod ite 1ev.

PagQ 6.

In 1936 appeared on the rights/laws of the manuscript the report of
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Lyakhovskiy and Syrkin which measured in the jet not only the

high-speed/high-velocity, but also the temperature fields.

All these investigations made it possible to come to

light/detect/expose experimentally some basic laws governing the

course of free jet. Hovever, teing purely empirical', these works

possiessed neither completeness acr generality.

FOOT40TE 1. Exception/eliminaticn is only Couette's article, in which

some laws governing the jet are determined theoretically.

ENDFOOTNOTE.

Meanwhile i-n 1925/26 appearsed tbhe remarkable transactions of Prardtl

and Tolmien, who develcped tIke thecry of free turbulence

(?rpiturbulenz). which gives the? possibility to come to

light/detect/expose all basic Frcperties of jet.

.A. Based on it, we develcped in 1934 the new method of the

aerodynamic design of open vird-tunnel test section2.

FOOTNOTE 2. See Go N. Abramcvich. Aercdynamics of flow in open

wind-tunnel test section. Pt. I and II. Transactions of TsAGI, iss.

223, 236. 1935. ENDFOOTNOIE.

-r& IIIIIIIIIIIij '11
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Also based on it is the set-fcrth belcw free boundaries theory.

Besides the general thecry, this work contains the aerodynamic

design of circular and flat/plane free jets, and alsc the series/row

of the engineering applicati4cre/arpendices of this theory

(calculation of trajectcry cf ware jet, the calculation of air

curtain, the calculaticn cf latyrinth seal, the calculatien of

resistance of heat exchanger).

'IK



DOC = 81037601 PAGE 12

Page 7.

* Part 1.

* THEORY 0F JET.

~1. Jet structure.

Jet is called free and flccded, if it is unconfined by solid

walls and is spread in the space, filled with the medium cf the same

physical properties, as the substance of jet.

The mechanism of formaticn/education and propagation of

turbulent frpe jet', whbkh escaie/ensups from any nozzle into the

unlimitsd flooded space, has the following basic features*.

FOOTNOTE 1. A question about the laminar jet as less urgent/actual,

we 1pave aside. ENDFOOTNOTE.

1. Jet is turbulent; therefore its course is accompanied by

mixing current cf moticn of eddy masses (moles) . The latter with

thsir lateral motion fall beyond the limits of jet, they transfer

into the contacting with the 'let layers of stagnant air their
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impulse/momentum/pulse they carry along these layerso In the place of

the particles. rejected/tbrcvr cut from the jet, into it penetrate

the particles of surrounding air which will slow the boundary layers

of flow. So is established the exchange of the

impulses/momenta/pulses between the jet and the stagnant air, as a

result of which the flow mass increases, the width of jet increases,

speed at the jet boundaries decreases.

2. Slightly braked particles of active flow together with

absorbed particles of surrounding air form turbulent boundary layer

of jet whose thickness in direction of course grows/rises. If in the

cxhaust section of nozzle occurs the even distribution of speeds 2,

then in the beginning of jet teundary layer thickness is equal tc

zero.

FOOTNOTE 2. That developqd/prccessed in the present work theory of

jet is constructed relative tc this case. However, will be indicated

below the corrections, which sbculd be introduced in the case of

nonuniform vplocity field in the exhaust section of nozzle.

ENDVOOTNOTE.

In this case the boundaries of toundary layer are the divergent

surfaces, which intersect at the edge of nczzle (Pig. 1).

From the outer side the kcundary layer of jet makes contact with

the stagnant air.
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Pig. 1. Propagation Of free let.

Page 8.

Moreover by outer edge is understood the surface, at all points Of

which longitudinal (axial) ccupcnent of the speed is equal to zero'

(U=0).

* FOOTNOTE &. Transverse component of speed (V) here cannot be equal to

zero, sincp due to it occurs increase of mass of jet. ENDFOOTNOTE.

* Prom inside the boundary layer converts/transfers into the nucleus of

constant velocities. Thus, on the internal boundary of boundary layqr

speed is equal to the speed ct the undisturbed flow, or, which is the

same thing, discharge velccit7 fu=u 0 ) .

In proportion to reacva1/distance frcm the nozzle, together with

the thickening of the boundary layer, occurs contraction of the

nucleus of constant velociti.es. This process leads to the fact that
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finally the nucleus of the undisturbed flew disappears entirely.

Subsequently the secticu of jet the boundary layer fills already

all cross section, stretching up to the axis of flow. Further erosion

of flow is accompanied not cnly by an increase in the width of jet,

* but also by the incidence/drop in the speed on its axis.

Jet cross-sectional area, In which is completed the liquidation

of the nucleus of constant velccities, we will name/call transient.

The section, situated between ititial and transient jet

cross-saIctionals area, let us rave/call initial. The section, which

fcllows after the transient section, we will name basis. Finally to

th- noint of intersecticn cf external jet boundaries let us

appropri.ate the designaticn of the pole of jet. The described

propertigs and the configuraticns of jet clearly demonstrates Fig. 2.
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Fig. 2. thp diagram of free jet:.

Key: (1). Pole of jet. (2). Initial section. (3). Boundary. (4).

Initial section. (5). Transiert section. (6). Basic section.

Page 9.

3. Pressure in jet is censtant/invariable and it is equal tc

pressure in surrourding space. Therefore the complete momentum of the

mass flow per second of air ir all jet cross-sectionals area must

remain one and the same.

Dr-ssure constancy leads tc the fact that in the jet act only

the forces of internal fricticn. The theory of the turbulent flow of

Prandtl gives for friction stresses the following dependence:

Here r' - friction stress;

p -air density;

1 -the average value of the sizing length (free path) of the

Farticles of thp air in this Flace of flow;

-- the transverse gradient cf the longitudinal component of speed.

(MIN
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In application to free jet Prandtl recommends the counting cf

mixing length by ccnstant for this spction of flow and proportional

to rsmoval/distance from the becinning of the jet:

SCX. (2)

Here c - constant which proves to be the only experimental constant

of the theory of jet.

Comparison of equalities (1) and (2) gives the possibility to

compose the formula of frictict cf the free jet:
il "

4. Temperature and air derisity of jet must be considered equal

to t-mperature and to density of surrounding air. In this case on the

jit will not act Archimedes lifting forces and its axis will remain

rectilinear'.

FCOTHOTE 1. Subsequently will te studied also the case of the jet of

variable/alternating density Icurvilinear jet). ENDPCOTNOTE.

After becoming acquainted with the basic physical properties of

Jet, lat us pass to the presertation of! the theory of jet; in this

casp th. bas.c and initial secticns of jet let us examine separately.
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§2. prerequisites/premises cf the study of the basic section of jet.

Fig. 3 gives the distribution curves of the speeds in different

sections of the basic secticn cf the circular air jet of Truepel 2 .

FOOTNOT! 2) T. Tirpel. Uber die Einwirkung etnes Luftstrahles auf die umgebende Luft. Zeitschrift
fur ,as iReMte Turbinenwesen.. .91. jqi. .

END FOOTNOTE.

The initial velccity of jet was equal to u0=87 m/s. A radius of

initial jet cross-sectional arxa was Ro=0o.05 m. Velocity fields were

removed/taken ccnsecutively/serially to the following distances from

thi nozzle:

S: - 0,6 it; S.. = 0,8 it: N., = 1,0 it; S. 1.2 .it; S,- 1,6 ..

Experimpnts of Truepel just as the investigation of other

authors, testify about the ccttinucus defomaticn of the

high-spoed/high-velocity prcflle/airfoil of jet. The further from the

beginning of jet selected the section, that "lower" and "is wider"

high-speed/high-velocity prcfile/airfoil.

To this conclusion/outfut we come during the construction of

velocity fields in the absclute ccordinates (u, y). Others and with

that much more inter"sting results are obtained during the deposition

of the same fields in the relative coordinates.
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Page 10.

Let us try, for example, tc plot instead of the absolute

velocities - u of their relaticr to the speeds cn the axis of jet-

YU- and instead of the absects distances from the axis of jet - y
*~u,

of their rolation to the distances from the axis to such points in

which the speed is equal to half cf axial - -"- (Fig. 4).
y U.

The obtained diagram indicates the complete similarity the

high-speed/high-velocity cnes of fields in all sections of the basic

section of Jot.
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( Fig. 3. Velocity fields in differpnt sacticns of circular jet

according to experiments cf Truejel.-- d
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Fig 4. Reaiv ied of --cua -je.--- -*-

aso, or e , - -. n ti

p o i t s f j e t (w h e- Y ,- =- ... . ...... .

a . . - . . . . ..

Fig. i 10 ',

to setoso hebai sect.of t. reaie- ausofsed

. Taid vemlocity grodients aein tial. ht it logcaetht pintea ofan

i.,< the characteristic length it is possible tc take not cnly v ,, but
2

also, for example, the uidt. cf let - h, In this case for congruent

poins ofjet(wh- Yw we attain the following characteristic

dependences:

l/ IL

a L -... . I _
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At congruent points cf kinematically similar turbulent flows

must be equal the criteria cf d~tamic similarity - Euler's criterion.

Therefore

After replacing r, and Y2 accordinq to equation (1), we find:
S12, , I-(4a)

From expressions (3a) we 'hav:

U. 1S!

oildu U,2 -bi- (4hi

Finally, comparing expressicns 14a) and (4b), we come to the

extremely important conclusicn about equality relative values of

mixing length in all sections of the jet:

- - b., = idem. 5)

It is interesting to note that the comparison of equalities (2)

and (5) indicates the mutual irccrtionality of the width of jet and

distance from the origin of the coordinates:

b=k.x. (6)

4-.. , a
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With x=O the width of jet is also equal to zero (b=0). Therefore,

placing the origin of coordinates ito the pole of jet, we note that

the flow in the basic secticn behaves as if jet is created with the

peculiar turbulent source, arranged/located in the beginning of

coordinates (in the pole cf jet). Using this schematic of course, we

will be able to study flow in the entire region of the basic section

of jet. However, the initial part of the scurce which is

arranged/located between the pcle and the transient section, must be

rejected/thrown and the replaceuent by the initial section of jet.

Page 12.

The turbulent source indicated, and consequently also the basic

section of jet, possesses cne very intrinsic property which consists

in the fact that along any rectilinear ray/beam, directed from the

pole and lying within the limits of jet, the relative speed of flcv

retains the constant value:

it __i y )(7)
U,. X

In other words, congruent pcirts of the basic section of jet lie/rest

on one ray/beam (Fig. 5).

This property not difficult to reveal/detect, if to compare the

geometr.c determination of cccgruent points (y/b=const) with equation

6 (b/x=const).

I-Max
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.... . ......

Fiq. 5. Rays/beams of the censtant velocities of the basic secticn, of

fref? jet.

Key: (1). pole. (2). jet. (3). Initial section. (4I). Transient

section. (5). Basic section.
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Z7____

-7~o

-- ___- S.O34f

-Ara _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Fig. 6. Velocity fields in different secticns of plane of jet

according to experiments cf Pceltmann.

Page 13.

Being based on it and taking late account that the speed on the axis

can depend only on abscissa wev cbtain in general form the

law of the speeds of the basic sqcticn of the jet:

The obtained conclusicn,'cutput, which rest like the velocity

fields in all sections, basic section, are valid not ounly for the

circular jet. In the equal measure they relate also to the slot jet.

- 4 --------- :
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In order to be convinced cf this, it suffices to examine the results

of experiments cf Foertmanni.

FOOTNO,,. 1. E. F,,rtinani . Uber turbuierne Strahlausbreiaung". Ingcnieur-Archv Bd. V i.:
1934 r.

ENDFOOTNOTE.

Last was studied the velocity fields of the slot jet, which

escape/ensued from the openinS/aperturp in narrow fitting with a

width of 0.03 m and by length 0.65 a. This jet velocity was equal to

35 r/s. In Fig. 6 are plotted the velocity fields, taken/removed in

jet- cross-sectionals area which are distant from the nozzle up tc the

distances:

NS =O .; S.--=0.20 .it; S:: 0,35 .i1; S,=0,Z0 .w: S = 0,625 .: . -O, S

Being they are transferred into the relative coordinates (the

same as for experiments of Treepel) these fields, just as in the case

of slot jet, they prove tc be sixilar (Pig. 7).

Thus, in the main secticr cf slct jet (as in the circular jet)

flow also as is created with the turbulent source, placed in the pole

of Jet. Thq corresponding turtulent sonrces (circular source - pcint

and flat/plane source - line) arq studied by V. Tollmien in his

remarkable rpsearch on free turkulencez.
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F OOTNOTE 2 . W. To I in i e n. Birechrnung turbulent.r Ausbreitung,;vorginge. /A -M M .,
ild. 6 Heft 6.

ENDFOOTMOTE.

To the selection/analysis of the thecry of Tollmien on basis of which

is constructed aerodynamics of the basic section cf jet, we will pass

subsequently the paragraph Cf cut wcrk.

In order to make theory cf Tolimien as widely available as

possible, we will set fcrth it it scuevhat more detail than this made

author himself.

I
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PagfZ5. 14.-

§3 Tubln oreIfso lt

Let as exmn the~ fre fl 7 whc is forme duin the

clig. 7.Th pepndcutlafilds t slt thet oiin thoeltf coordinates.u

3.c Turuectl soce slot .

Prqssure in the jet is ccrstant/invariable; therefore the

completp momentum of mass f1.c% ;e second must rsmain the constant:

u2 *dy=corist.

4Ma
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For studying the jet we will use coordinates - ; -

The longitudinal velocity in this coordinate system is equal

C see equality (8)1:

whence -"(x)x.) /f-(,,- ---- eonst.

In turn,

- '()-.dr=const

Therefore speed on the axis of jet (u.) is inversely proporticnal to

square root of the abscissa:

const(x) = n )

However, thq lcngitudinal speed at the arbitrary point of jet

comprises:
n

Let us introduce the functicn Cf current $.

.1
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.
, V

Fig. 8. Turbulent source cf sIct jet.

Page 15.

As is known, its partial derivatives are equal to the

longitudinal and transverse ccarcnents of the speed:

dy'
dx'

The fuuction of current will te determined frcm expression (11):

.I-- .dy= . x. f (,)dl.

After accepting the following designation:

f . d.,. F ,.

we will obtain new expressicns tcr functioning the current and

component of speed.
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The function of current is equal to:

, n x -" F (,r). (12)

Longitudinal component of the speed:

.--- .F (, (13)I x
Transverse component of the s[EGd:

ux I"- x12

The basic problem cf tl.e Irvestigation of flat/plane turbulent

source must consist of finding cf function F(r,). The solution of this

problem proves to be possible vith the aid of the theorem of

momentum. Let us isolate fcz this purrose in Fig. 8 control surface

and let us examine momentum balance within it. Through the lower part

of this surface is transferred second-by-second certain momentum:

p. ti. v.. dx 1).

FOOTNOTE 1. The length of surface alonq the perpendicular to the

plane of drawing we consider equal to unity. ENDFCOTNOTE.

Along other side of contrcl surface is observed a change in the

momentum:

d

As force serves shearing turtalent stress [see equation (3)-,-,-
-_- ,I I. rt

After some elementary conversions we obtain momentum equation in the

-- EM ,
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* following form:

--- = . (15)

We utilize now dependences (13) and (141 for the modification of

equation (15), attempting tc turn it into the differential equation

of function F(.q).

We will obtain:

Ii . t-- - [ ',,q:',-

a"n LF'¢

dd
x

Page 16.

After the substitution cf the cktained equalities in equation (15),

we come to the differential the seccnd order equation:

2.c- IF" (---F r,).F' (,). (6

Into equation (16) enters the experimental constant c. This bears out

the fact that in the selected system cf coordinates (x;-rj) the unknown

functions depend on jet structure. It is nct difficult to show that

by the simple modification cf crdinate it is possible to eliminate

the qffect of jpt structure c! function Fi,,). For this instead of ,.

let us introduce the new relatlie ordinate:

• r, 17)

where
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In the new system of coordinates (x; *) the components of the speed

will accept the following fcrs:

ax

I az.x, 2 "
2

because of which the fundamental differential equation will be

written as follows:

IF" (')]' = f( ,. F (-). (20)

Before beginning the scluticn of .quation (20), let us lower its

order. Let us introduce fcr this dependant variable

- !n I- 's?),
to what it corresponds

Thq substitution of this variatle/alternating in the initial equation

gives the following result:

After one additional replacement -z'=Z, we obtain differential

f irst-orde r equation:
Z'=-Z -  Z. (21)

Before value 1 2 we supplied minus sign, since from the physical

considerations it follows that sum Z4Z0Q. Actually:
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Z:-: Z':
Z'-Z

F" IF

- --. Fi.)

Page 17.

Hence

but

F' F-; d - P(.)--ou y.

In other words, ?" (0) corresrcnds to the transverse gradient of

speed, whereas F() correspcnds to expenditure/consumption.

Expenditure/consumption is positive value. The at the same time

transverse gradient of the speed (Fig. 3 and 6) at all points cf jet
cross-sectional area is Icw.r tian zero and only on the axis and at

the outer edge it is equal tc 2ezc.

Thus:
F' T'g)= Z' + ! -:0.

The solution of equaticn (21) dces not represent special

labor/work, since variable/altermating in it are divided:

dZC Z _ Z (21a)
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Using the general method cf integrating the rational integral

functions, we find this integral:
0I

C, -I21 Z-lt'- - 3 in (I Z -1) -InR Z- {- 1) 3arctg - (22)

Let us Pxamine the ncw cundary conditions by which it must

satisfy obtained integral (22). The first boundary condition lies in

the fact that on the axis of jet - with 0=0 - the transverse

component of speed (v) is equal tc zero, and relative value of

longitudinal velocity (U ) is equal to one.

Because of this with o=C:

F() -- "0,

F'l= ==Z.e -=-.

Whence
Z- z' -22a)

The second boundary conditicn ccnsists in the fact that on the

external jet boundary - vher -=r4 - the transversing speed does not

disappear, while the longitudinal velocity is equal to zero.

Therefore when

F'(;) z'.e: O.

HencqZ z' =0. (22b)
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From condition (22a) we ccmpiute the constant of the integration:

c +2-1 3 2= I,-

Condition (22b) gives the possitility to determine the relative

ordinate of jet boundary:

-- 2 aarctgA.~!= *--2,412.

1 3 3 \ 3! 3. 3

Page 18.

Equation (22) is utilized for finding the values of the second

auxiliary function - Zz. The values of the first auxiliary and

basic functions (z and F( )=e') are determined with the aid of the

quadratures and taking the lcgarithm from the fcllowiag twe

* equalities:

Zz 0 - ~~d~z(23)

z n IF( )I.

Here z - unknown value of function.

*-corresponding value cf arguient (relative ordinate).

-o known value of functict at any point with the ordinate 0..
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kbcve it was shown that Dear the axis of jet Z approaches

positive infinity, and z - tc tegative infinity (when -=O:e:=O:
Zz -

This fact indicates the inadequacy of aquation (22) and equalities

(23) near the axis of jet. Let us try therefore to find new solution.

suitable in stand regions. Vrcceed we will be as before frcm

differsntial equation (21):
(/Z
,"d? -- Z"-I Z.

With *-0, when Z-4-, equaticn (21) can be strongly simplified. For

this should be disregarded/neglected low value I Z.

Thus, we obtain:

dZ _

Whence

Z Z(25)

a ndi. = - l, "n + C'.

Integration constant can te determined from those

considerations, that on the axis cf jet the relative speed is equal

to unity:

- F'(0) = I.

otherwise I _n?

.tn le cl --

B u t , 
In -- ; )
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thanks to which

C' =0.

FOOTNOTE 1. of this it is not difficult to be convinced by means of

ths logarithmic operation. EItPCCTNOTE.

Thus, the first auxiliary functicno which we introduced for a

decrease in thp order cf differential qquation (20), approaches lno:

In.

Page 19.

Generally z it is possible tc present in the form of the series/row.

first member of which is ln:

z -In (26)

hence
(27)

:1 Thq most immediate task of the research is finding subsequent members

of series/row (27), and then ceries/row (26). Is solved this problem

by the method of successive apprcximations.

We assume/set in the first approximation:

=.4
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an,1 we produce the substituticn of this expression in differential

equation (21):

-1 2t. - - -2-A .. 4 2I ,

Disrega-ding components/termsaddends with highest degrees (Al.'"

and At.' t), we obtain:

A, (t, + 21.- - -  ---)

Equalizing between themselves first exponents, and then coefficients

in two parts of this equality, we find the second term of series/row

(27):
A,-'. -- -0,4.1 ?

For finding the third term of series/row, we resort to the

substitution into equation (21) cf function Z, undertaken in the

second approximation/aFprcach:

Z - :0--- - ,4. --A. .

From this in a described above manner we obtain:

.0.0

Continuing calculations in the same order, it is not difficult to

find any quantity of terms of series/rov. For our calculations it is

possible to be restricted by ttree members.

Thus, we have:

_.4. -- 0,01 ...- (27a)

Whence

Z== n Z- 0,8 0,01 Z28a
. + (28a)
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Asymptotic approximaticns/alrcaches (27a) and (28a) give the

possibility to calculate the ialues of the functions:

('.);zt);F(i,= e. F (,;)= --e'

Key: (1) . and.

at points with the low values cf argument 0.

ItI

I."
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Page 20.

At other points of the cross section of slot jet should be

utilized equation (22) and equalities (23). After producing the

calculations indicated and utilizing formulas (18) and (19):

S*F (29

? F (30)

we composeTables I and Fig. cf 9-10 longitudinal and transversing

speeds in the cross section of the kasic section of slot jet.

Table 1 and Fig. 9 and 10 speeds u and v depict in the portions

of the velocity on the axis of -it (u,).' In turn, the axial velocity

of slot jet is the functicn of Folar distance of the jet [see

equality (18) ]:

(31)

axr
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- _ aio ;i . .. ' 7 
7

j iji' al

Fig. 9. Pig. 10.

Fig. 9. Distribution of longitudinal velocities in section of slot

jet.

Fig. 10. Distribution of transversing speeds in section of slot jet.

A .: ,, __, ~ P Im '



DOC = 81037602 PAGE

Table 1.

0 1,000 0

0,1 0,979 0.049

0,2 0,940 0,091
-0,3 0.897 0,120

0,4 0,842 0,151
0,5 0.782 0.It6

0,6 0.721 0,168
0.71 0,660 0,16b

0,8 0,604 0.151
0,9 0,538 0,120

1,0 0,474 0,0ql
1.1 0,411 0.49

1,2 0,357 0
1,3 0.300 -0056
1,4, 0,249 -0099
1,5 . 0 - 0:160
1.6 0,165 -0.212
1,7 0.125 -0,260
1,8 0,095 -0,318
1.9 0,067 - 0,356

4,O 0,046 -0,402
2,1 0,030 - 0.440

2,2 0,020 - 0.469
23 0,009 - 0,490

2,4 0 - 0,498

Page 21.

Let us give to uxpression (31) somewhat different form. For this

again we will use the constancy cf momentum in the free slot jet:

Yrp
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Here yrp - ordinate of jet boundary; p - air density; be -

half-width of initial jet crcss-sectional area; uo - discharge

velocity.

After the replacement of the variable/alternating (instead of y

we introduce *=y/ax) we obtain:

Prp = 2,4
a, - -, -,; I" a -

1u, , u

or otherwise

I/ - , 0

UsingTables 1, we coupute using the method of trapezoids the

integral:

2.4

. [F1 (9)-d? = 0,685.

Replacing integral by its numerical value, ve reduce to final form

the formula of the axial velocity' of the slot jet:

1,2 (32)
U0 a-x&It"

FOOTNOTE '. The axial velocity is measured here in the portions of

the discharge velocity. ENDEOCTIOTE.

In the beginning of the basic section of slot jet - in the
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transient section - the axial velocity is equal to discharge

velocity:

Us,- = U9.

Hence we find the relative abscissa (relative polar distance) of the

transient section of the slot jet:(I L
0

___ -= 1,44. (33)

All obtained functions of the turbulent source of slot jet are

suitable only in the region cf the basic section of the jet when

x > LO. (34

Participating in all dependences coefficient a is determined from

experiments. To a question about the election of its values in

different cases will be dedicated the special paragraph of this work.

Page 22.

§4. Turbulent source of circular jet.

In the present paragraph we will become acquainted with the

theory of the formation/education of free jet during the discharge of

air from the circular opening/aperture of very small sizes/dimensions

(Fig. 11).

Section jet-circle; therefore the law of conservation of

momentum will be written as follows:

2.. 1 .u2 y dy const.

_-,,.
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We select for the investigation the coordinate system with +he axes:

X

In this coordinate system the condition of the constancy of momentum

assumes somewhat different form:

2-. .12 d-. --

const.
whence

u;, .X-. - ( 1,7 " const.

However, jf/ 2 Q ).dj1 is a constant value, due to what the law of a

change in the axial velocity acquires the hypertolic form:
rn

, = x = -. (35)
X

Dependence (35) gives the possitility to obtain the formula of the

longitudinal component of the sFeed:

" = u,'/(r6  - '/f(;)- (36)

The longitudinal and transverse components of the speed in the flow,

symmetrical relative to rotational axis (x axis), can be as follcws

axpressed by means of the function of the current:

I d4y

Hence 11 Ox
Rents
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Fig. 11. Turbulent source of circular jet.

Pages 23.

Let us introduce the designation:

f f(11) . -dyi = Fcr

and let us recompose the formulas of the function of current,

* longitudinal velocity and transversing speed:

U= (38)x *r
1= =1 _ i (39)

The basic problem of the investigation of the turbulent source

of circular jet consists of firding of function F(O) and its

derivative F9(0) .
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The solution of this problem can be obtained with the aid of the

theorem of momentum'.

POOTNOTE 1. Just as in the case of slot jet. ENDFOOTNOTE.

Let us isolate for this purFEse in Fig. 11 symmetrical relative to x

axis control surface and let us compose for it momentum balance.

Through the lower part of control surface, which has area - 2owryodx

4 s transferred second-by-second the momentum:

2---.-ji-v-y-dx.

Within the control surface occurs a change in the momentum per

second:
- 2-.-d I i2 .v-dv.

As a result of changing the mcmentum appears the tangential force:

-.2.-'ydx 'c [ - ydx.

*I Utilizing the enumerated three factors, we compile an equation

momenta:

" - 1 0 (40)

Equalities (38) and (39) give the possibility to convert

,4quation (40) into the differential equation of function F(O).

Actually:
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1 .- I  . F' . l __f

y - I Cy dy

c d. - - ,' "

which after substitution in equation (40) gives:

0 -F (41)

From the obtained differential equation it is possible to exclude the

experimental constant Cz.

Page 214.

For this it suffices to change the coordinate system, after switching

over from the coordinates

x: r - x

to the coordinates

_ , ~X; " -.

a= V2C2 .

In the now coordinate systv. the components of the speed will

accept the following form:

_--'un. - in F- (42)

V =- • F _'(?)- - • (43)
X
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Utilizing new formulas of speeds, we have the capability to give to

fundamental differential equaticn the new form:

F' () - ' ?)  _ F ( .F().(44)

Attempting to lower the order cf differential equation (44), let us

introduce new dependant variatle z=ln [F(#)], to what corresponds

F(O)=e z . After the substituticn of new variable/alternating we

obtain:

~'2
"+ _ - _.L

If we assume z'=Z, then is formed iiffersntial first-order equation:
Z' : z __ Z' - VZ. "(45)

With component/term/addend I Z just as in the case of slot jet', is

accepted negative sign, which corrqsponds to the sign of the
I du

transverse gradient of spee d , 0

FOOTNOTE 1. See equation (21) . ENDPOOTMOTE.

Let us examine the necessary for the integration boundary

conditions.
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1. On axis of jet where #=0, must disappear transverse component

of speed:

V-=0.

2quality (43) it leads in this case to the conditions:

F() = e = 0, (45a)

: = In [(V-)I - .
Furthermore, on the axis of jet relative value of longitudinal

velocity is oqual to one:

Whence (for 0-0)

F' ~ -- _ z'.e: - .(45b)

Page 25.

2. On jet boundary, when =.rp, longitudinal velocity

disappears:

U=0,

- to what it corresponds:
F 0, (45c)

"! Z--Y=O.

Boundary condition (45b) gives on the axis of tho jet:

-d I. (46a)

Utilizing equation (46a) as the first approximation for solving

stated problem, we obtain:

e - I-C,

12
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but with 0=0:

therefore

2 2,*.2 ; - . (46b)

Similarly how it was dcne for the slot jet, let us present the

solution of differ3ntial equation (45) in the form of series/row. The

first member of this series/row we will obtain from approximate

solution (46b):

Z z'= 2-...

Subsequent members of series/rcw let us find by the method of

successive approximations. For this let us first assign the

two-termed series/row:

)_ (47)

and let us substitute it in equation (45):

. 1 2 - 4

Disregarding the members of the second order of smallness (A1.4 . and

4,..) and producing elementary ccnversions, we obtain:

.-, (t + 3). ,'==- 2.', ;

Equalizing exponents in the right and left sides of the

equality, we find the exponent cf the second term of series/row (47):

Ijt 2= -

, 9=77
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Comparing coefficients of both of parts of this equality, we compute

the coefficient of the second tera of series/row (47):

2.12
7

Page 26.

Thus, the solution of equaticn (45) in the second

approxiaation/approach appears as follows:

z'I - 2 - (48)
'? 7

For the third approximation/approach let us assign the trincaial

series/row:

Z - 2 2-12 A (49)Y; 7 •"" - - A,'''(9

let us aiso substitute it in initial differential equation (45).

After the series/row of the algetcaic actions which are complet,.ly

analogous to those performed abova, we compute the third term of the

seriss/row:

24."

Continuing calculaticns in the direction indicated, we can

calculata as many as conv4milent terms of series/row. If, for example,

we are restricted by six members, then we will obtain the unknown

function in the following feri:

Z 0,4 - 0,004." -0,0OOS'2 '-, 0,00015. -

-0,000014.?' . (50)
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Integrating equation (50), we find the function:

z=In -0,27..: - 0,0013.' +O,O018.z --0,000025-°* --
2

± 0,000002. .51)

From the *qualities:
F( 1e, 52)

P -) --z'. e:. |

we compute function F(O) and its derivative - F'(O). Finally with the

aid of formulas (42) and (43) we determine the relative components of

the speed at different points of the cross section of circular source

or, which is the same thing, cf the basic section of the circular

jet:

Urn

Seris/rows (50) and (51) are ccmplitely suitable in the middle Farts

of the cross section of jet. Hownver, in the region of the boundary

of the jet - near - these series/rows possess bad

convergence. Therefore for the boundary layers of jet it is necessary

to obtain another solution of differential equation (45). The new

solution can be obtained frc bcundary condition (45c), according to

vhich on the jet boundary " disappears function Z:

nZ (fa i0.

in fact, if
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then in equation (45):

z'-.-I z

and

2.1 Z . .-- ,rC.

Page 27.

When

therefore

S rp

Thus, in the first approximatici,:
d4

1 "'  - ?)' " 
3

Converting/transferring to the second approximation/approach, let us

present solution in the form cf the binomial:

--. P (,; - - I --:P - .) .

After the substitution of this binomial in equation (45), will be

determined by already known methcd its second term:
Q. ; 1- -- - ""

-, 8. P.rp

Continuing calculations in the sat-e direction, it is possible to find

any number of terms of serqs/rcw. If we are restricted by five

members of series/row, then we will obtain:
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__=Z 3
~.==-~..~yP 8.,: 64~~~-p -

rp 6 4 rp
I ! 3

19 133 3
1 280.- 10240. ( 

4 
) 5

Equation (54) gives a good ccrverqence near the jet boundary, i.e.,

exactly in that region, for which is unsuitable equation (50).

Therefore during the calculation of functions z, r(O) and F'(0)

in the middle layers jets use equation (50), while in the boundary

layers is utilized equation (54). In order to determine the value cf

the relative ordinate of jet bcundary (,), let us compare in any

known to point jet (for example, at point 0=2) of equation (50) and

(5,1):

Z = Z :. (55)

By producing then calculations with the method of successive

approximations, let us find:

= 3,4. (56)

Tt must be noted that condition (56) gives the possibility to replacp

* with numbers all coefficients of s-ries/row (54):

Z =0 ,25.(3,4 -- ) 0,037-(3,4-- ) --0,004.i3,4- ?)'4'

enal basi -fu0,015-(3,4 f 0,0173. 3,4 sucf.l(57)
- Now, when all basic functions of, the turbulent source ef cir--ular jet
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are determined, we vii use by them and let us composeTables 2 and

Fig. 12-13 longitudinal and t':ansversing speeds of the cross

section of the basic section ef circular jet.

Page 28.

In Table 2 and Fig. 12-13 speeds u and v are measured in the

portions of axial velocity .(1.). Th, latter can be found from the

expression:

u, -- (58)

FOOTNOTE 1. See equality (U2). !1MDOOTNOTE.

We will use the constancy of the momentum of circular jet in order to

give to equality (58) more convenint form.

We have:

2 . = : tu-  0 y - y it' -.u .R ' --c o ll s t .

Here Yr, - absolute ordinate cf jet boundary; p - air density; Ro -

radius of initial jet cross-sectional area; Us - discharge velocity.



DOC 81037602 PAGE 1

o do

Fig. 12. Distribution of the longitudinal velocities in the section

of circular jet.

jet.I

SOL..= -
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Table 2.

u F"() 1 V
l " a un

0 1 0.
0'1 0,984 0,050
0.2 0,958 0,100
0.3 0,922 0,144
04 0,885 0,178
0.5, 0.843 0,200
0,6 0,7q5 0,220
0,7 0.748 I 0,230
0,8 i 0,700 0,240
0.9' 0.653 0,233
1,0. 0,606 0,22 5
1,1, 0.555 0210
1,21 0,510 0,190
1,3 1 0,470 0,170
1.4! 0.425 0,140
1,5 0.378 0.110
1,6 0,340 0,080
17 j 0,3M0 0,0401,81! 0,265 0

1.9 0.230 -0,033
2.0 0,198 -0.066
2,1 0,169 -0,100
2,2 0,140 -0,140
23 0,117 -0,180
?-4 0,094 - 0,219
2,I 0,075 - 0,237
2,6 0.059 - 0,270
2,7? 0,046 -0.295
2.8 0.034 -0,310
2,9 0,024 - 0,323
3,01 0,017 - 0,334
3.1 0,011 -0,340
3.2 0.007 - 0.345
;.3; 0,003 - 0,340
3.4' 0 - 0,335

Page 29.

After the replacement of variable/alternating. we obtain:

- O.4

I 

or othervise M .i.=.
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lit"- 0,707

The integral, which stands under the root is equal to:

fF1 d-.; =- 0.536 )

0

which gives the possibility tc oIttain the final formula of the axial

velocity of the basic section of the circular jet:

- ~ (59)

FOOTNOTE 1. This integral we calculated according to the method of

trapezoids with the aid of Takle 2. ENDFOCTNOTE.

In transient jet cross-sectional area, from which begins basic

section, axial velocity is equal to discharge velocity:

110

Hence we find the relative abscissa of the transition section of the

circular jet:

a .L ,96. 0

All obtained functions of the turbulent source of circular jet are

suitable only in the region of the basic section where



DOC = 81037602 PAGE

§5. Initial section of free jet.

The experiences of the Gcettingen wind-tunnel laboratory and

TsAGI show that in the region of the first two bores of circular jet

the high-speed/high-velocity Frcfile/airfoil of its boundary layer

completely coincides with the blgh-speed/high-velocity

profile/airfoil of the frei bourdary of infinite plane floyd.

FOOTNOTE 2. G. V. Abramovich. Aerodynamics of flow in open

vind-tannel test section. Pt. 1, page 23-24. Transactions of TskGI

iss. 223. ENDFOOTNOTE.

At the same time, at the end cf the initial section - in the

transient section - the velocity profile must be the same as in the

basic section of jet. In other words, for the elongation/extent cf

initial section must be observed the continuous conversion of

velocity fields.

Page 30.

Let us give the series/row of the experimental diagrams of coettinger.

institute', which clearly illustrate this position:

; A •INC:,
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FOOTNOTE 1. Ergebnisse der Aerodynamische Versuchsanstalt zu

Goettingen. II Lieferung. 1923. ENDFOOTNOTE.

1) Fig. 14 depicts the field of velocity heads of free jet at a

distance of 1.5 m from the nozzle. Ciameter of nozzle Do=0.137 m.

Discharge velocity u' 0 =40 m/s;

2) Fig. 15 - the same, at a distance of 1.0 m;

3) Fig. 16 - the same, at a distance of 0.5 m;

4) Fig. 17 - the same, at a distance of 0.25 m;
d

5) Fig. 18 - the same, at a distance of 0.01 m.

The given diagrams are written by the pressure recorder of

Bartels's system. Next to the zigzag empirical curves are

plotted/applied the theoretical profiles, borrowed from the theory of

the basic section of jet. Of ccurse in the initial section (Fig. 16

and 17) these theoretical profilis/airfoils are constructed only in

the region of boundary layer.
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ks we see, within the limits of basic section (Fig. 14 and 15)

the experimental and theoratical v-locity profiles virtually

coincide, while in the boundary layer of initial section (Fig. 16 and

17) the velocity field is defcrsed and differs from theoretical all

the more than the selected section it is nearer to the nozzle. In

order to show that near the nczzle the high-speed/high-velocity

profila/iirfoil of the jet of the same, as in infinite plane flow,

let us turn to the measurements cf velocity heads into the wind

tunnel of Goettingen institute. These measurements are produced in

the boundary layer of the open test section of Prandtl's large duct

(diameter Do=2.25 a) at a distance cf 1. 12 2 frcu the nozzle.

jl

---"
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Fig. 141. Fields of velocity heads of free jet at a distance of 1.5 m

from the nozzle with a diameter of 0. 137 a.

Fig. 15. Fields of velocity heads of free jet at a distance of 1.0 m

from nozzle with a diameter of 0.137 m.

Pig. 16. Fields of velocity headE of free jet at a distance of 0.01 m

from nozzle with a diameter of C.137 m.

Page 31.

Experinatal curve is constructed next to the theoretical curve of

plane flow and completely it cciirciies with it (Fig. 19). Thus, it is
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possible to consider it established/installed that in the boundary

layer of the initial section cf free jet occurs the gradual

transition from the velocity field of infinite plane flow to the

velocity field of the basic section of jet.

Analyzing the position indicated, it is possible to make the

following conclusions:

1. During the study of tte first two bores of jet shoull be

utilized laws of the free bourdary of plane flow. So this and is made

during the development of the aerodynamic design of open wind-tunnel

test section.

2. During study of initial sec-tion as parts of entire jet, it is

possible to disregard strain cf velocity fields and to consider that

in all sections of boundary layer of initial section velocity fields

are similar to those which are established in basic section of jet.

This conclusion/output will boccae especially convincing, if we focus

attention on the fact that the deviation from it is made by

noticeable only in that region of the jet where the boundary layer

thickness is small and its "specific gravity/weight" in the total

balance of masses and energies is insignificant.

Subsequently, relying on ccnclusion/output (2), we will apply

-,. m ,! 11 i 111" i ;-,; , -. , :-: ,o.. L" '° .. , " .. ' -.
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one and the same velocity profile both for the basic section of free

Jet and for the boundary layer ef its initial section.
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AW

Fig. 17. Fields of velocity heads of free jet at a distance of 0.25 m
4

from the nozzle with a diameter of 0.137 m.

* Fig. 18. Fields of velocity heads of free jet at a distance of 0.5 a

from nozzle with a diameter of 0.137 a.

Fig. 19. Fields of velocity heads in boundary layer of free jet at a

distance of 1.12 a from nozzle %ith a diameter of 2.25 m.

Page 32.

-- 71
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Repeatedly it was mentioned, that is investigated this case of

the free jet when in the initial section occurs the uniform field of

velocities' .

FOOTNOTE 1. Correction for the ronuniformity of the initial field of

velocities will be introduced telew. ENDFOCTNOTE.

In this case, the initial boundary layer thickness of jet is equal to

zero and it is possible to consider that it begins its existence at

nozzle discharge edge (Fig. 20).

Let us use to the boundary layer of the initial section of jet

the basic hypothesis of Prandtl's free turbulence [see equality (2) ]:

l'=d.S:-). (61)

FOOTNOTE 2. 11 - mixing length in this section of boundary layer; c'

- constant, different frcr ccrstant c of basic section; S - distance

of this section from the edge of nozzle. ENDFOOTNOTE.

Combining this hypothesis with th% assumption about the

similarity of velocities, we cce (as in §2) to the conclusion about

the straightness of the external and internal boundaries of the

; t . . .. - -- !' . • ,r' 7 , -,A02
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boundary layer of the initial sect'-on of jet. Furthermore, any

ray/beam C, which rises from frc the edge of nozzle and lying within

the limits of boundary layer, must oe the line of equal velocities.

These facts attest to the fact that during the study of initial

section to rationally arrange the origin of coordinates at the edge

of nozzle. Axis Y direct insid* the flow. As the coordinates let us

select S and *I=Y/aI*S, where

(I' 1 2 (C' )2

In this coordinate system intermal and external boundaries of the

boundary layer of initial section are respectively determined by

relative ordinates 0'1 and 0'2.

Utilizing Fig. 21, let us find the basic shape factors of the

initial section of jet.

From the similarity of triangles we have:

-14/iz k,, __- ('b0 fn  G. rp

Hence relative distance from the pole of the jet to its initial

! section - the depth of the pole:

-, _ -- I
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Fig. 20. Boundary layer in the! initial section of free jet.

V.

Key: (1) . Then. (2). Quiescent air.

CKd

Fig. 21. Geometric diagram cf fie. let.

Page 33.

The length of initial secticn (SO) '#r equal to the difference between
F.

the polar distance of transient section and with a depth of the pole

of:

azS -_aL, a-Ito
be ~ - (64)
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Mixing length at the end of the initial section is equal to sizing

length in the beginning of the tasic section:

whence

C
c S0" (65)

but

a, 2 CI)

and

therefore

The region of constant velocities (n=u) toward the end of the

* initial section is eliminated, thanks to which:

bso• ~~~tg = --a.=i=

in other words, the relative crdinate of the internal boundary of the

boundary layer:

C- at (67)
a . n

Boundary layer thickness at tte end of the initial section is equal

to the half-width of the transient section:

b= a'. (S -p

-aLIN&"
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whence

' ;- ;= , J" so

FOOTNOTE t. Here 0'2 is undertaken with the negative sign, because y

axis is directed inside the flcw. ENDPOOTNOTE.

Thus, the ordinate of botndary layer edge in the initial section

of the jet:

?rp 9(68)

The obtained general forvulas of the geometric parameters of jet

are suitable both for the circular and for the slot jet. In the

use/application to each of the jet individually, all these formulas

* are replaced by numbers.

Let us exaaine the basic properties of the initial section cf

slot jet.

Page 34.

In J3 was found the polar distance of the transient section:

- 1,44

and the relative ordinate of the boundary of the basic section of the
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slot jet:

-2,412.

Hence the depth of the pole of the slot jet:

a-h, , 0,41,b"

the length of the initial secticn:

a - " 1,03,
b0

the value of the empirical coefficint:

a' = 1.25.a,

the relative ordinate of thq internal boundary of the boundary layer:

, 0,77

and the relative ordinate of toundary layer edge:

1,93.

The velocity field of the bourdagy layer of initial section, as it

was accepted. similar the veiccity field of the basic section of jet.

Therefore in order to ottain the field of the boundary layer of slot

jet, it suffices Tables 1 and Fig. 9 to change in accordance with the

ordinates of boundary layer, after accepting 01&=0.77 instead of 01=0

and 01z=-1.93 instead of ,rp-2,4.

As a result of this rearranqement are obtained Table 31 and Fig.

22.

FOOTNOTE 1. Table 3 gives values u/uo instead of. " since in initial
Un'

section -=u, ENDOOTNOTE.
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Fig 22 Th veo i fiel in the bondr lae fth nta

s of so je

.- _. . I I ' i . . .

- I i I r

.____ _ _ _

~Fig. 22. The velocity field in the boundary layer of the initial

section of slot jet.
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Tabt S.

0,77 0.7 0,6 0,. U. 0.3 0.2 01 0

1 0 M, oQ20 0,880 0.830 0,777 0.721 0,670

S -0,1,5 -0,( -0t -0,8

0,615 O,1bO 0.503 0,447 0.392 0.40 ,.292 0,250
lie

-0,9 1 -1.0 -1,1~ 1,2 1- 1.4__ 115_

a 0,210 0,173 0,140 0,110 0,085 0,061 0,043

" -),6 -1.7 -1.8 -1,9 -1,93

.,029 0,018 0.009 0,001 0

Page 35.

?or calculating the gaometr.c parameters of the initial section

of circular jet it is FcsSible tc use the fact that the polar

distance of transient sectien is equal to:
aLo = 0,96,

while the relative ordi.ite of the boundary of basic section has a

value:

Tr -- 3,4.
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Hence we find the relative deptb of the pole:

afh t 0,29,

the relative length of the initial secti-in:
a .S 0

=0 = 0,67,

the coefficient of flow pattern in the initial section:

a' = 1.28. a,

the relative ordinate of the Internal boundary of the boundary layer:

1,17.

and finally the relative ordinate of the outer edge of the initial

section of the circular jet:

- 2,67.

In order to complete the analysis of the initial section of

circular jet, let us compcse Fig. 23 and Table 4 of relative

velocities in the boundary layer of initial section. Table 4 and

graph/curve by 23 are constructed with the aid ofTable 2. In this

case the boundary ordinats Cf the basic section of the circular jet

(01=0 and ,P=3,4) are replaced by the boundary ordinates of the

boundary layer of initial secticn (0':1.17 and 0'22.67)o

_I

41

iV .,
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Page 36.

rig. 23. velocity field in boundary layqr of initial section of

circular jet.
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Table 4.

- 1,17 I.I 1.0 0.9 0.8 0.7 O.b 0.5

u 1 0990 "1.971 0.945 0.914 0,879 0838 0,795

all

- 0.4 0,3 0." 0,1 0 - 0.1 -0.2 -0,3

0,751 0.7'0 6608 0,625 0,582 0.540 0,500 0,464

-0,4 -0.5 -0,6 -0,7 -- 0.8 -0.9

U0.428 0,389 1 0,350 0,316 0,280 0,250

- 1,1 1 -1,3 -1,4 -1,5 1,6 1.7

" 0,218 0,188 0.161 0.140 0,120 0,100 0,081 0,0b:

, -1.8 -1.9 -2.0 -21 -2,! -2.3 -- 2,4 -. 5

_ 0,051 0.041 0.032 0,025 0,l'4 0.012 0.010 0,005
aJ,

-2,b -2,b7

0 ,0U 1 0

Page 37.

§6. Basic conclusion/output of free boundaries theory and their
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experimental check.

A) Gircular jet.

The construction of the configurations of circular free jet is

conducted as follows (Fig. 24):

1) Find the pole of jet ihcse depth&:
h, " 0,29
A_ a (69

and conduict through it and through nozzle discharge edge the

rays/beams of external jat boundary. Tangent of the divergence angle

of the outer edge:

tg 2- a'. c -=-a.- -3,4-a. 470)

FOOTNOTE 1, On the selection cf value a it will be said below.

EUDFOOTWOTE.

2. They find location cf transient jet cross-sectional area:

S, 0.67 (71)?0 a
and are constructed it. It is interesting to note that a radius of

transient section is a constant value and does not depend on jet

structure:
R.__ L 0 3 3

R. 0 N ~
3. Connect center of trarsient section with edge nozzles and

they obtain thus, boundary of nucleus of constant velocities (u=uo)
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* Fig. 214. Geometric diagram of ftee circular jet.
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Page 38.

The tangent of the ccnveigence angle of the boundary of the

nucleus of constant velocities is equal to:

tg -=a'.? = 1,28.a. = 1,5.-a. (73)

The divergence angle of the bcurdary layer of the initial section of

circular jet is comprised frol the sum of angles all and a'2=a:

+3 a = J" - arctg (1.5.- a) +! arctg (3,4. a). (74).

The width of bcundary layer ir the arbi.trary section of initial

section comprises:

b.. _ a'(. -')"S S
S (5)4,9.a R7

A E.inally complete radius of jqt at the assigned distance (S) frcm

the nozzle is measured by the value:

~r~p S -4-/o _ aS'
+ 4 4 . (76)

The only experimental coetficiert of theory (coefficient a) depends

on jet structure.

The analysis of experimerts of Trupel, Zims, Gettingen

£ ;r . •",- -- -
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aerodynamic institute, ETurkus and Syrkin Ishows that in the very

broad band of Reynolds numbers 1from 20000 to 4000000O) coefficiert a

* does not depend on. Reynolds nuaker.

FOOTNOTE 1. Sec. bibliographical directory at the end of the article.

ENDFOOTNOTE.

* At the same time the value cf quantity a somewhat changes with a

change In the velocity profile In the beginning of jet. With this a

it increases with an increase in the nonuniformity of

high-speed/high-velocity prcfile,#airfoil.

After working/treatment cf experiments indicated it was possible

to construct the graph/diagran cf 25 dependences cf coefficient a of

circular jet on the elcngaticc cf its initial field of veiccities

k C

From Fig. 25 it is evilett that for the completely uniform field

of velocities - a=0.066. In tke series/row with this for the

completely steady turbulent filild of valocities (-- - .25)-a r-0,076.

Fig. 25 relates to tbvi "ratural" turbulent jets. With the aid of

the artificial agitation cf f1ct. it is possible to sharply increase

coefficient of a which in turn, %ill l~ad to the more rapid fading of
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jet.

The artificial agitaticn of free jat was conducted by eng.

Syrkin, who established/installed in initial jet cross-sectional area

(at the output from the duct) turbulence generating grid and inclined

at angle of 450 toward the axis the guides of blade. Turbulence

generating grid raised coefficient of a to value of a=0.089. However,

guide apparatus caused aM0. 21.

I
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*, - -T . '.. .-- maw -
O~ - , bEb ! , W6' Yjp!

o 0 -~ I b'

Fig. 25. Dependence of the coefficient of jet structure a on the

initial velocity field of circular jet.

Key: (1). according to Trupel and Prandtl. (2). according to Zim.

(3) . according to Syrkir and Turkus.

Page 39.

This velocity on the axis ct the basic section ef circular jet,

measured in the portions cf tke discharge velocity, is determined byjl the formula (see equality (59)1:

r ,, 0,96 0.96 (77)
U, x +0,29

In the limits of the initial section where
a.S ___0,67,
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axial velocity is constant/invariable and equal to discharge

velocity:

U (78)
U6

Fig. 26 connects together fcrxulas (77) and (78). On it is depicted

the curve of a change in the axial velocity along the entire free

* jet. In Fig. 26 are plctted tke experimental points of Trupel, Zima,

Gettingen institute, Turkus ard Syrkin I

FOOTNOTE 1. See bibliographical directory at the end of the article.

* ENDFOOTMOTE,

* In this case in accordance with graph/curve by 25, are accepted the

following values of constants a:

1) in experiments of Trurel and Gottingen experiments (initial

velocity field uniform) @,. a=0*066. _

2) in the Pxperiences cf 21.. (Umaz =i,i j o) a=0.070.

3) in experiments of Tarkus and Syrkin a=0076
"C9
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Fig. 26 testifies about the excellent experimental confirmation

of the character of theoretical curve of axial velocities along the

circular jet.

The theoretical velocity distribution law in the cross section

of circular jet was above ccalared Vith Gettingen experiments (see

Fig. 14, 15, 16, 17, 18 and i) which it completely confirmed. In

addition to this is given the ccmparison of the law of the cross

field of the velocities [see extressicn (42) ] circular jet with

experiments of Trupel (Pig. 21). Experimental points Fig. 27 are

borrowed from Fig. 4. Thecretical curve is constructed in the form:

UU

instead of

F'() (7'",_. = f (0)=_

As we see, and here the thecry cf circular jet coincides with

experiment.

Pag. 40.

B). slot jet.

o, I 11
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The construction of the ccnfigurations of slot jet is conducted

by accurately the same methcd, as in the case of circular jet, vith

the only difference that the are utilized cther numerical values of

geometric parameters. Depth cf the pole of the slot jet:

Ito  0,41

Tangent of the divergence angle of the outer edge of the slot jet:

I
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it  o-

Fig. 26. velocity change aleng the axis of circular Jet.

Key: (1). Syrkin.
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,. . . - ---- . -.. ....... -- SZO-- -
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0a -- -- --- r-- 5 ------..-

0 w8

apa

Fig. 27. Comparison of the thecretical distribution of the velocities

in the cross section of circular jet with experiments of Trupel.

Page 41.

Length of the initial sectien:

S" 1,03
1 a,) (82)

Width of the transient secticn:

b.b

Tangent of the convergence anc le of thi boundary of the nucleus cf

the constant velocities:

tgai -a'. 1,25-a-, =0,96 a. (84)

I.
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Divergence angle of the bcurdary layer of the initial section:

-"2 -+ a' = arctg (0,96-a) + arctg (2,4 a). 185,

Width of boundary layer in the arbitrary section of the initial

section:
b0 . c a'( -)-S S

Complete width of the slot jet:

brp - S- - , =2,4 a- S 1. 167.b, 1i , -- . .b

For the establishment of the values of coefficient a of slot jet we

do not have available sc vast experimental material as in the case of

circular jet. Therefore it is imFossible tc establish/install

dependence of a on -'- for the slot jet. Nevertheless, by analcgy

with circular jet, it is possible tc be confident in the fact that

the coefficient and of the sict jet virtually not of Reynolds's hall,

but it grows/rises by increase cf degree of irregularity cf initial

velocity field and with an Increase in the initial turbulence of jot.

From experiments of Fortmann, Ercskura and Turkus we found that

values a for the slot jet witb "natural" turbulence oscillate in the

limits:

a = 0,09 -0,12.

In this case the smaller values correspond to the more uniform

initial velocity fields.
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Velocity for the axis cf tbe basic section of slot jet is

expressed by the formula (see sqrality (32)]J.

, 1.2 1,2

In the limits of the initial section where

aS-aS <- 1.03,

axial velocity is constant:

a, . (89'
U0j

Page 42.

In Fig. 28 is plotted the curve of the axial velocities in the

initial and basic secticns cf slot jet. Fcr ccaparison of theory with

experiment Fig. 28 gives the exrerizental points cf Fortuann, Turkus

and Proskura.

4-orpover:

for the pcints of lortmarn is accepted ... a=0.11.

for the points of Turkus is accept9d ... a=0.09.
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for the points of Proskuta is accepted so. a=O. 12o

Fig, 28 attests to the fact that the character of theoretical

curve of axial velocities alcvg the slot jet is confirmed by

Ax teriments.
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r~' -r -r- - A

7t1
-. - i. 4

S1 7 4

Fig. 28. Velocity change alcnS the axis of slot jet.

Key: (1) . Proskura. (2). Turkus.
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Pag- 43.-.

Ti. 9 opsno he theoretical distrbutio of the velocities i h rs eto

of slot jet is also confirmed by eirerizent, of what it is not

difficult to be conv:inced from fig. 29. In Fig. 29 are plotted

experimental the points of Fortmann which are rebuilt here from Fig.

7. Is here depicted the theoretical curve:

constructed with the aid of '(skles 2.
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§ 7. On the diffusion of heat and gas admixtures/impurities in the

free jet.

In the engineering practice frequently it is necessary to deal

concerning the free jets whick are contaminated by gas

admixtures/impurities and have a temperature, different from that

surrounding.

The solution of the probles abcut the propagatioa of gas

admixtures/impurities and heat from tha quiescent air into the jet

(and vice versa) only pcssible after will become known the laws cf a

change in the temperatures and gas concentrations along the jet and

in its cross sections.

Experiments of Syrkin sbco that the temperature fields of free

jet they are similar tc its veiccity fields I.

FOOTNOTE 1. In more detail this cuestion examines the article of

Ruden (Ruden) see reference Icdicatcr. ENDFOOTNOTE.

Excellently illustrates this fbercanon Fig. 30, on which is depicted

the empirical curve of axial velccity and are plotted/applied the
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experimental points, which reflect a change in the temperature along

the axis of jet. It must be ncted that the temperature points express

the ratio of the excess temperature in this place to the excess

temperature in the beginning cf the jet:

T- Tro. . r%

Here T - temperature in this place of jet;

To - temperature in the tecinning of let;

T..,- temperature of locatlct.
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form:

vig. 30. comparison of the laws Af a change in the velociy and

excess temperature along the axis of circular jet according to

experiments of syrkin.

Page ,, .

The- mathematical expr-.ssicn of the similarity of temperature and

high-speed/high-velocity fld]s c the axis of jet appears as r

follovs:

The same condition in the crc-ss section of jet takes the folloving

form:
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One should assume that the velccity fields are similar not only

temperature fields, but tc the equal degree and the fields of the

concentrations:

Here Ag - concentration difference in this place of jet and

outside it.

Ago - concentration difference in initial jet cross-secticnal

area.

In the first seven paragraphs of this work is presented the

theory of free turbulent jet. In the subsequent parts of the work

this theory will be used to the development of the method of the

aerodynamic design of flat/plare and circular jets and to the

permission/resolution cf a vhcle series of the engineering problems

of those connected with the jets.
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Page 45.

Part II.

AERODYNAMIC CALCULATION OF PSIE JET.

8. General/coson/total censiderations.

The aerodynamic design of free jet is composed from the

following elements/cells:

1) finding jet boundaries-

2) the detarainaticn of the quantities of air, which take place

per unit time through differert crces sections of jet;

3) the calculation of the supply of energy in different jet

cross-sectionals area;

4) finding the average s;eeds of flow in different places of

jet.

Into the problems of this section of work enters the
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consumption/production/generaticn of the basic formulas of

aerodynamic design. Mozeover Is developod/processed the method of

calculation not only of coexiete jet, but also its active part. The

latter consists of initial flci mass and is called the nucleus of

constant mass. All other particles cf flow are sucked in from the

surrounding space and form the ccnnected flow mass. The aerodynamic

design of jet rests on the velccity distribution laws lengthwise

(, and across (A"the jets, which were established/installed In

the theory of jet and they wexe excellently ccnfirmed by experiment.

The latter fact makes it possible tc hope for the fact that the

proposed mpthod of aerodynamic design will correspond to the nature

of jet and it have an applicactlc in the engineering practice.

§ 9. Slot jet.

A. Calculation of complete slct jet.

The basic geometric laraveters of free jet are: divergence

angle, depth of pole, lengt cf initial section and width of jet. In

the slot jet, as it was shcun it § 6, pole lies/rests deeper than the

initial section on the relative distance (see Fig. 31):

h, 0,41

a

Length of the initial secticn of the slot jet:

S, 1,03
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Fig. 3 1. Diagram of slot jet.

Page 46.

Tangent of the lateral (one-sided) divergence angle of the slot let:

tg a= 2,4..

Half-width of the arbitrary secticn of the slot jet:

LP=2,4. [aS+ 0411

The value of the coefficient cf the structure of slot jet usually

varies in limits of a=0.019-0. 12. Therefore the depth of pole, the

length of initial section and tke divergence angle of slot jet

reaches the values of the crder:

o=4,5 -3,5;

So 1,5 - 8,5;

=12'- 16' )



DOC = 81037603 PAGE

FOOTNOTE 1. It is necessary tc emphasize that a is the lateral

divergence angle of jet. Centia] angle of its expansion -

2e=24e-320. ENDFOOTNOT2.

The quantity of air per seccnd, which takes place in the arbitrary

section of the basic section cf flat/plane jet:

brp

Q=2- -.udb,

but, as is known:

db=a.(S+ h,).d..

Hence

p= 2.4

Q=2.a.(s+h,).u.,- Kd,
0

wh-re- u - vplccity on the axis cf the jet

U;f

Express the air flow rate in the portions of its value in the initial

section:
.?.4

q= aS aho ,u * u

Frem formula (88) is known the dependence cf the axial velccity cf

slot jet on polar distance ef z| %=Suho):
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_ i2 1.2
ua.S, a-ho  aS

the r' for- !

q 1,2. 0,41

Page 47.

Participating in this formula integral can be calculated with the aid

of the quadratures according tc Tables 1:

2.4

0

thanks to which the relative air flow rate by the arbitrary section

of the basic section of slot jet is evinced by the equality:

q- 1,2. bs +0,41 (93)

For determining the volume of air which flcws/occurs/lasts in the

arbitrary section of the initial section of slot jet, formula (93) is

unsuitable. Exppnditure/ccnsumption in the initial section is

composed of the expenditures/ccrsuu tions of the nucleus of constant

velocities and boundary layer:

Q = Q + Qh-. .o 2 .b,.u+ 2.o co at -,lb.

T ere b, - half-width of the nucle.us of constant velocities,
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bZ=brp- the half-width cf entire jet.

In § 6 it was shown that:

b, = bo - a'.?j -S;
-, = b - a'.?" S;b b e-al '?"& S

b--- a'.S.d?'.

In the slot jet:

,7 =o,; ?i =-1,93; a'= f,25a.

Therefore expressing expenditure/consuzpticn of Q' in the portions of

the initial (Q0) it is obtained:

h - 1,93

q'= f b u db =aS0,6 asS aso b, 2-. -f .
b,, J , 77

With thp aid of Tables 3 let us calculate the obtained integral:

- d ' - 1,912.

0.77

After the substitution of the ialue of integral into expression q' we

come to the formula of the relative air flcw rate in the arbitrary

section of the initial sect.ca cf the slot jet:

aS (4
q =- 1 -0,43.-as (94)

Since the length of the initial section aSo/bo=1.03, then for the
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definition of the air flow rate in the cross section of slot jet with

aS/b*1.03 should be utilized fcrrula (94), while with aS/bo)l1.03 it

is necessary to resort to fcrsula (93). In the transient section

vhere aS/bo-1.03, both of formulas must give the identical value of

relative expenditure/consum tic¢.

Page 48.

Calculation shows that the relative expenditure/consumption in

the transient section of slct jet is equal to:

q'-= q = 1,44.

The complcte kinetic energy of slot jet in this cross secticn of

basic section is equal to:

"rp !'rp

E --2. . .. .. -- - it .lib.E=2 212 11 M

° 0

Fromfable 1 it is evident that even with a=0.12 maximum value v2

does not exceed 0.40/0 of u,. Tbereforq it proves to be possible to

disregard/neglect term -,-V- and represent the kinetic energy of

slot jet in the following fcru:

E : ,, S ,, ,s -h();, 3 , .d ,.
U

Expressing kinetic energy in this section in the portions of kinetic

force in the initial section, we obtain:

2.4fV '.(S-r-h)I
e=3

I
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But

Un __ 1.2 1.2
. , ,(S + aS ,4

2.4

Therefore the relative kinetic erergy of slot jet in this section of

basic section comprises:

e = (95)
J - 0,41

For calculating the kinetic energy of jet in the initial section

we will use the fact that it ccnsists of the kinetic energies of the

nucleus of constant velocities and toundary layer:

2 b 110 f Z3E' E -E , -2.'.,. b,. C 2. ..

relative value of kinetic eruxgy uithin the initial section is equal

to:

U-.

Page 49.

Above it was shown that:
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b, 1-0,96. as

kb b
db = - 1,25.a.S.d '; ,

. = 0,77, -- 1,93.

Hence we find

e'10 aS aS[ (-\Ie'= I -0,96.--- °  -1,25. -SfJ u-, dip'

077

Table 3 gives the possibility tc calculate integral value:

- ] ,92

,.(- Y. -z 0,60.
0,77

Utilizing this value, we cbtaiv the final formula of relative kinetic

energy of slot jet in the artitrary section of the initial secticn:

el=I-0,21 aS • (96)

During the aerodynamic calculaticn of jet cne ought not to forget

that in region aS/bo(1.03 is suitable formula (96), whereas in the

region aS/b0 >.1.03 is suitable fcrmula (95) . In the transient section

of slot jet (aS/qo=1.03) cf fcruula (96) and (95) give the identical

values of the relative supply cf the energy:

e'= e = 0,784.

The value of the average speed in the cross section of jet

depends on the law of averaging. Por the aercdynamic design of jet

are of interest two methods of cbtaining the average speed. One of

them gives average/mean by the atea velocity, another - average/mean
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according to the expenditure/ccmsumption.

Iveraging velocity by the area, wA obtain for the basic section

of slot jet the following exxessicn:

I U 'Ib brp
=, --". f _ db

2A4
U ... aS 2 , = df --4 1 ( o,2,4 UM

2,,. (E- ,4 0

Above it was established that:

U &;" ,i - 1,0.

U

Page 50.

This shows that in the regicn cf the basic section of slot jet the

average/mean by the area velccity, being it is divided into the axial

velocity, is equal to the ccsstant value:

- -P --0,41. (971

Somewhat more complicatedly proceeds matter in the initial

section.

Here:
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b. b . h.,

After known conversions, we fIrd:
_ .',SaS --',a

- 0,9 .- -- 1,25. a . i .
h,,- b%, ,

LLcp = U - _ n.
7
7

11 1Si -1- a-s-42- -J' - '1 2,4. b

But, as it was shown:

U,

0.77

Hence concluded the final fcroula of average/mean by the area

velocity for the initial settlcr of the slct jet:

1 4 aS
as -(981

Its 1+2,4.

It is not difficult to calculate, that in the transient section of

slot jet formula (98) converts/transfers into equality (97):

- u°,
o -- - - t - 0 , 4 1 .

11 0 j I U. J,

Let us now move on to the investigation of average/mean according to

th, expenditure/consumFticn velccities. In this case for the basic

section of slot jet we will have:

brp 2.4

lcP - - - I) __-..

- M . -- 2.
iN.l.°i
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Integration by quadratures fcz 1'ables 1 gives:

*f ( , , . 0,685,

,

0

Page 51.

Whence relative value cf the aierage/mean according to the

expenditure/consumption velccity in the basic section of the slot

jet:

f"j=O0,685. (99)
*- m J
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For finding the average flow velocity in the initial section

we use e:±uallty.

Q. - Q - f -a I db
-uO.Q,-+f U-dQ Q6-+~* U, -. adbUgp. I - " .. .I
CPb, 6,

-- Q ,+ f' -dQ -- . .

Q .Q

a'.S -,. a' .S fu Yd

bo U,

q'

Here

'- 1+ 0,43. ;

a'- 1,25 a;
,P2=- 1,93;
?p =0,77;

I .. .l'. - 0,767.

Because of this the final fcriula of the average/mean acccrding to

the expenditure/consumFticn velccity in the initial section of slot

jet takes the following fcru:

1 1
uo 0,43 - aS

rn the transient secticn cf formula (100) and ,99) give the

idqntical values of the avera$q/mean according to the

expenditure/consumption velccity:

- , 0,685.
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The laws of a change in the axial velccity,

expenditure/consumption ard kinetic energy of slot jet are

represented in the form of curves in Fig. 32. The laws of the average

speeds, obtained via averaginc by the area and according to the

expenditure, are depicted fcr Tig. 33. Fig. 33 and 32 are constructed

according to formulas (93), (S4), (95), (96), (97), (98), (99), and

(100).

B. Calculation of the nucleus of the constant mass of slot jet.

By nucleus of constant mass we understand that part of the jet,

in any section of which tle relative air flcw rate is equal to unity

(q°=!).

Pago 52.

Condition q,-l gives the pcssibility to deteraine the geometric

configurations of the nucleus cf ccrstant mass. Let us compose for

this the formula of expenditure/ccnsumption in the basic section of

thi nucleus cf the constant mass:

-'I

q. 1,2. 0,41 • . . )

• 'i. . .. .. , . . .. i , - bllp
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FOOTNOTE 1. This formula is ccarrised by analogy with the equation

diverging of ccaplete slot jet. PNDFOCTMOTE.

Whence, utilizing conditica q0=I, we will obtain:

f 0.833
4S-~-+A
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T.wsVIW Y

Fig. 32. Curves of a change im tbe axial velocity,

expenditure/consumption and kinetic enqrgy along the length of slot

leSt.
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as

I.I

401

a". .. -::- __ - _ ____

, 1 *• i , I "i

Fig. 33. Curves of a change Im the average/mean in area (u.pi) and

average/mean according to ezxpuditure/consumpticn (ucp,) velocities

along the slot jet.

Page 53.

with the aid of expression 11CI) can be calculated the half-width of

the nucleus of the constant mass of the slct jet:

--- 4- 0.41 . (102?

The order of calculaticn " must be the following:
b0

1) after assigning value cf aS/be, Ve determine value A,.
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2) W~ith the aid of Tables ! cr Fig. 34, in which is given

dependence Al=f(z0p)I), we find i;a=9(AO.-

FOOTN4OTE 1. Table 5 is calculated by the method of trapezoids

according to Tables 1. INCPCCINCIE.

3) Through formula (102) we find i'a
b,
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'Table 5.

IaA, d-z f ".U-)2d A= f '( -

0 0 0 0
0.1 O.O9 0,098 O.O07

0,2 0,195 0,190 0.186
0.3 0,287 0.275 0,263

0.4 0,374 0,350 0,329
0,5 0.455 0,416. 0,383

0,6 . 0,530 0,473 0.426
0.7 - 0,600 0.521 0,459

0,8 0,662 O.ZO1 0.484
0.9 0.719 0.594 0,503

1,0 0,770 0.619 .0,516

1.1 0,814 ,O,63Q : 0,525

1,2 0.853 0.654 0,531
1,3 0,885 0.3b5 0.534

1,4 0.9' 3 0,b72 0,537
1,5 0.935 0.677 0,538

1,b 0,954 0,681 0,538
1.7 0,%S 0,683 0,538

1,8 0.97Q 0,684 0.538
1.9 0,987 0,685 _ 0,538

2.0 0,993 0,685 1 0,538
2.1 0.)97 o.t85 0.,538

2,2 0,999 0,685 0 0,538
-2,3 1.000 0.685 0,538

2,4 1,000 0,685 0.538

Page 54.

For the transient secticr cf the slot jet where aS/bo=1.03, we

find:
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A = - =0,685;
0 J 1 =f(A,) = 0,86;

bt 1,24.

In the work of the authcz erodynamics of flow in open

wind-tunnel test section", h. 1, page 25 is shown that the boundary

cf the nucleus of the ccnstant mass of the initial section of free

jet is rectilinear.

Let us find the ordirate ¢f this boundary -?,'. For this let us

compose the expression of the half-width of the nucleus of the

constant mass of the initial section:

as aaS
-1 . "= -1,25".a ?dbo =I- , .& " "

In transient section (aS/b 0=1.03):

b0 J[bJ 1,24,

whence

:--- 0,18. (103)

Thus, the half-width of the nucleus of the constant mass cf the

initial section of slot jet is expressed by the formula:
bas

1+025•. (104)
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P, I I

i I I , '

p • ': ~i I , iTI ' -

Fig. 34. Auxiliary functicns cr the aprodynamic design of the

nucleus of the constant mass cf slot jot.

Page 55.

Relative supply of energy cf the basic section of the nucleus of

the constant mass of the slct jet:

__ 1.73 &r~
e. ui- dT.

[' +,41 u

The values of the integral

a-

are calculated according tolrtales 1 and are given in Table 5 and
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Fig. 33. Thus, knowing b.-=t ' nct difficult tc find value of A3

and to determine the relative supply of energy of the nucleus of the

constant mass of the basic secticn cf the slot jet:

1,73 -. (
e - 105)

, - 0,41

Energy of the nucleus of the ccrstant mass of initial section will be

iccated from the formula:

-0,1V

e=1 -0,96.-- 1,25. .* dz.
0.7.

With the aid of the quadratures throughfatles 3 we find the value of

the integral:

-018

T d'=-,55.
0.7? U

Hence relative energy of the nucleus cf constant mass in the limits

of the initial section of slot 4et appears as follcvs:

e, =.-- o.w5 a .(106)

It is logical that in basic section (aS/b)>903) should be used

formula (105) i.n the initial secticn - by formula (106) . In

transient Jat cross-secticnal area both of formulas are equivalent.

Here:

e. =e=0,715.

Tho average/mean according to the qxpenditure/consumption velocity in
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the nucleus of basic section is expressed by the equality:

- u.dQ a~i,~ Y 2

.' dQ 
AdI

o..(
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Page 56.

Values A = A(), A,=fji..) are calculated according to tables 1 and

are given in table 5 and Fig. 34, Using them, it is possible tc

calculate relative value cf tte average/uean according to the

expenditure/consumption sreed in any place of the nucleus of basic

section.

In the initial section:
b,

U, U

.u j. , 'w

However, the basic property of the nucleus of constant mass consists

in the fact that q=.

Therefore

Cr. 1,,.96-1 ,,.- 1.25. as .* .( it
0.77

The intggral, which is contained in this expression, can be

calculated according to the sethcd cf trapezoids with the aid of
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tables 3:

d:- 0.64.
0..

Thus, the average/mean according to the expenditure/consuaption speed

of the nucleus of constant mass in the initial section of slot jet is

equal to:
____ as

c,, -1 - 0.16. (108)

'as\
In the transient section Cf sict jet (,, -1.03 we obtain the

following value of average/seat according to the

expenditure/consumption of the speed of nucleus constant mass:

[ic - 1[ C 0, 83.
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as 3

Fig. 35. Laws of change, vidtk 4)kinetic energy and average speed

4D the nucleus Of the ccnstan-t mass cf slot jet.

Page 57. At conclusion of the aerodynamic design of slot jet we give

Fig. 35, in which are plotted/arlied the curves of relative width,

kinetic energy and average/sceen according to the

expenditur.,'consuuption of the speed of the nucleus of constant mass

slot jet. The curves Fig. 35 are calculated according to formulas

(10 1) -(108)

§ 10. Circular jet.

Prom the fundamental side the aerodynamic design of circular jet

in no way differs from the aerctynamic design of slot jet. The at the
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same time basic formulas of calculaticn acquires somewhat different

form.

A, Calculation of complete circular jet.

The pole of circular jet (Pig. 36) lies/rests deeper than the

initial section at a distance:

h. _ 0.29
a

The length of the initial secticn of circular jet is equal to:

S0  0.67

The tangent of the lateral divergence angle of circular jet

comprises:

tg - 3.4-a.

A radius of the arbitrary secticn of circular jet is determined by

the formula:
Rq, aSP, = 3,4. +-o.2_.
RO

The coefficient of the structure of circular jet is the value of

order a=O.07. Because of this the depth of pole, the length of

initial section and the lateral divergence angle of circular jet have
h.

values of the order: , - 4A

- 14.
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---- ' -

Fig. 36. Diagram of circular jet.

Page 58.

The guantity of air per seccnd. which takes place through the

cross soctior of the basic secticn cf circular jet, is equal tc:

Q f u.2x.R-dR.
However,0

dR =a -(S -+- h,,) d

Thereforq ?eP ,

0

Express is the air flow rate in the porticns of its value in the

initial section, then:

# 2 3,'

R9~./ Re 1 ~ U0
0

As noted in § 6 1,relative value of the axial velocity of circular
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je4. deppnds on S:

is 0.96 0,96

Ro R, W-+02

PO0?NOT 9. See formula (77). IIFOCTNOTE.

Hence we obtain:

q=1,92 a--0,29 " .

(1

0

Using table 2, we compute by tte method of trapezoids the integral:

After the substitution cf its value into equality q, we come to the

fcrmula of the rclative air flcu rate in the basic section cf the

circular jet:

q -- 2,18- . -aS -0,29). 09

The air flow rate in the Initial section of circular jet can be

repr.4sented in the form of the sum cf the expenditures/consumpticns

of the nucleus of the ccnstant ielocities and the boundary layer:

Q'=O, Q,,-.-.. " u - * ia - , .R .dR,
Pt,

hero B1 - nuclear radius cf censtant velocities;

R,=RP- radius of boundary layer edge.

Page 59.
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It is known (see § 6) that:

-R=R-a'S.d'*

R-=Ro-a!.$.?;.dR=R - a' Sdp -

Furthermore, as it was estatlished/installed in § 6:

S-1,17; ? -"- 2,67; a'= 1,28.a.

Thus, if we express expenditure/consumption of Q' in the porticns of

the initial (Qo), then it will te obtained:

A -

-2.67 -

aS", aS ., [as- a

- ,3. - -2,56. a .d• +,28 - d'.

Calculation with the methcd of quadratures on Table 4 leads to the

following values of integrals:
- 2,67J '± . d&.----,465

1.17
-2.67

S -- 1
-~'. -f./= 0,282.

Replacing integrals by numbers, concluded the formula of the relative

air flow rate in the initial section of the circular jet:

q'= I +0,76. 1,32. .( 0)

........ III II llll i IST".... Il// I III "iire I II I ..
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Formula (110) gives the possibility to perform calculations in region
inrslc aS

0.,6. Howover, in the regct p>-.67 - is suitable formula (109).

After calculating for the trazsient section of circular jet, we are

convinced of the fact that bexe both formulas give the identical

values of the relative expenditure/consumption:

q' = q = 2,10.

The relative supply of e~ergy in the basic section of the

circular of strings is measured ty the value:

Ar,
2.u'..*dR - =3.4

e= = ro - =2"L±--] " Rq0,291" . "'

By means of table 2 we find:

f do:= o,33i.

Page 60.

In the series/row with this it is known:

U. 0,96

+ O0,29Ro

Utilizing that presented, we cktain the final for. of the equation of

the relative supply of energy Ir the basic section of the circular

jet:

aS ,.29)

LN9
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Supply of energy in the initial section:
1.:

I:,

= 1- aS . . . . ...).. aS , - d&-' 3.28. -, {" ' '
=, RJW

1.17 1:17

DAfinite integrals we compute by quadratures on Table 4:

- .2.b7
* - II .1

I -- - d '= -0,7i 5.

1.17
- .67

- •:'. d -.- 0,480.
1.17

The replacement of integrals by numbers leads to the formula of

relative kinetic energy in the initial snction of the circular jet:

ea-1,03 aS 0,68. (112)

It is logical that when ---.0 ,67  is utilized formula (112). At the

same time when 0,67 they to.crt to formula (111). In the

transient section of circular jet both of formulas are suitable to

the squal degree. For the trazsient section we obtain:

e' -- e = 0,615.

The average speed by the area in the basic section of the

circular j.t: 'rp
_ p. .2 -.- R3dR 2 '+ 0,29 " t-

IRo
, :. .. ? d2

. . . . . . .. . a s.. . I l I
34... iiii 0,9]
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but i

iJ2 U- d-z = 1,138.
U

Page 61.

Therefore relative value cf tte average/mean by the area speed in the

basic section of circular jet Is ccnstant and equal to:

i:U: ] 0,197. (13)

In the initial section of circular jet average/mean by the area speed

will be determined from the ccrditicn:
rRl]+2 (1" R" ,R

.i -- 2 2fZ t UO

P 1= + -f -- RdIR?=-U I , R-1R= ,

Thus, in the initial secticn:

aS S1I":l : , . [as ,
= -s [1s] I

tU i, 1-6,80 . +11,56. a(

W1 tRo]

Comparing formulas (113) and 1114) we note that in the transient

section of circular jet beth these fcrmulas give the identical values

of the average/mean by the area sFeed:

Iucp h C -0,197.

Let us find now average/mean from the expenditure/consumption speeds.

4
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In essence section we will have available the equality:

;rp

'u.,dQ g"u'.R. dI [ ",. V l

LtR t - rP -- P rp

-U'M •1 -- • ,l
a I dQ u..Fu.R-dR L1

(0

By means of tables 2 let us calculate the integrals:

d-, 0,534;

3.4

UM * - 1,138.

Thus, the average/mean according to the expenditure/consuoption speed

in the basic section cf circulax jet is a constant value and is equal

to:

=-l 0,47. ,. (11)

Page 62.

In the initial section:
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-U u 
d -Ur ,i ,,o.Q,+j u,,dQ '1-, ]2 "

L I, = ,4- tj dl
' R,I Us r U0_,IQ.+ .S ], q.',

L Ro ] I 'I ; . I
R

q'

-2.!:a.S f( ) '. l-- .,.:- i-.-, ,R " U0 ' J LU, "

But, as is knoun:
.2 -- 2,67;
. =1,17;

- a'= 1,28.a;

-. *d'= -0,983-.
?;

Q •_12 ' . _0,476;

aS ,aS 2q'= I +o0,76.- +1,32.F'

Relying on thess relaticnships/ratios, we obtain the formula of the

average/mean according to the expenditure/consumption speed in the

initial section of the circular jet:

I1~ - 0,47.- -. + 0.70.[-a- I
"- _____ • 116,

thp numerator of fcrmula 1116) in the -ntire region of initial
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section is close to unity. In the beginning and at the end of the

initial section it is equal tc unity. Therefore formula (116) can be

as follows simplified 1:

i t aS a(16a)
I -0,76. -4-1,32. 1 2t " _1 z - o 6.Ro ' l

FOOTNOTE 1. Equality (116a) can be obtained directly from the

condition of the ccnstancy cf mcmentum in the jet. ENDFOOTNOTE.

Page 63.

As one would expect, in the transient section of circular jet

(Re -,67) of formula (11!) ard (116a) they lead to one and the same

value of the average/mean acccrding to the expenditure/consumpticn

speed:
[c: -- LU2 =0,47.

At conclusion of the aercdynamic design of complete circular jet

we give Fig. 37 and 38. On the first of them are depicted the laws of

a chang9 in the axial velccitI, expendi.ture/consumption and energy

alonq th" jet. On the seccni - laws of a change in the averages in

area and exp~nditure/consu.;tlcn of spreds. Fig. 37 and 38 are

constructed according to formulas (109)-(116).
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B. calculation of the nucleus of the constant mass of circular jet. j
a

The boundaries of the nucleus of constat mass of circular jet

can be determined from the ccrdition of the constancy of the air flow

rate in nucleus (q.=).
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Fig. 37. Laws of a change in the relative speeds.

expenditures/consuapticns and kinetic energies alcng the length cf

circular let.
Fig. , 3 . Dependenc of... . .ave._o;--a by are an according to...4__ -

oi ir j f r

'" --- . ._ _.. ..
as I- - . -. " ,

/ . . .. ..................................

rig. 38. Dependence of averagelean by area and according to

expenditure/consuuption steeds In circular let from relative distance
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to nozzle.

Page 64.

Relative expenditure/ccnsusption 4.n the basic section of the

nucleus of the constant mass:

4S
A*.* I 1i

wh as =0,2 9B - . ."-" aS '(117k

Expression (117) gives tte pcssibility to calculate the nuclear

radius of constant mass in the region of the basic section of the

circular jet:

-as-+ 0,29)

R. )q;-

The ordnr of calculatien # must be the following:

1. By assigned value as is determined value B1.
Pl)

Fr
2. From table 6 orA 39, Ir which is given dependence J3-=f(?) 1,

b
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hoy find appropriate value -

FOOTNOTE 1. Table 6 is calculated with the aid of the quadratures

according to tables 2. INCPCCINCE.

3. By formula (117) they find . in theP0o
aS

transient section of the circular jet where 0.67, we have:

[?I ]*:= 1,26;

-] = 1,215.

ROi



DOC 8 1037604 IFAG 1

T - - -- - ---

F'ig. 39. Auxiliary functicnz fcz the aeprodynamic design of the

nucleus of the constant mass cf circular jet.
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Page 65.

Table 6.

0 0 0 0
0.1 0,005 0,005 0,005

0,2 0,019 0,019 0,018
0,3 0,043 0,041 0,039

.0.4 0,074 0,069 0,065
0,5 0,113 0,103 0,093

0.6 0,158 0,139 0,123
0,7 0,208 0,17, O,153

I--

0.8 D.262 0,217 0,181
0,9 0.319 0,25b 0,208

1 .1) 0,379 0.293 0,231
1.1 0.440 0.329 0,252

1,2 O,ZO 0,3ol 0,269
1,j 0.562 0,391 0,.284

1.4 0,22 0,418 0,296
1,5 0,680 0,441 0,305

1,6 0.7%6 0.461 0,313
1,7 07S9 0.478 O.i18

1,8 0,838 0,.492 0,322
1,9 0.884 U.503 0 325

2.0 0.,425 0.512 0.327
2,1 0,963 0.5;9 0.328

2.2 0,9% 0.524 0.329
2,3 1,025 0,528 0,330

2,4 1.049 0.531 0,330
2.5 1,070, 0.53, 0.330
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2.6 ",087 0,5 ;4 0,330
2.7 6611 0335 0,330
2.8 1.112 0,535 u,330

2,9 1,120 0,535 0.330

3,0 1,126 0,535 0,330
3,1 1,131 0,535 0.330

3,2 1,133 0,535 0,330
3.3 I 1,135 0.535 U,330

3,4 1,136 0,535 0,330

Page 66.

During the development of the aerodynamic design of the nucleus

of slot jet we indicated that in the limits of initial section the

boundary of the nucleus of ccretant mass was rectilinear. The

relative ordinate of this bouadary - -. Then the nuclear radius of

th. constant mass:

a' S aS

RO - r,, R

In the transient section:

R' R. aS 0,67.
-. - = ,215; R. 1,,25

he c ---- 0,25. (119)
whence

Utilizing equality (119), concluded thp formula of the nuclear radius

of constant mass for the initial section of the circular jet:

R -,. aS (120)
Re
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The relative kinetic etexg7 of tho nuclsus of constant mass in

the basic section of circular jet is equal to:
1.78 U )3

e. (121)aS +0,29 ,,

Above was indicated the sethcd cf finding H. cwever, integral

values:

are calculated according to tatles 2 and they are given in rable 6

and Fig. 38.

Let us find the now relative kinetic energy cf the nucleus cf

constant mass in the initial section:

e' I . aS 2 56-. a. U

117

+3,28- aS 2.f ju- :
1.17

The numerical values of integrals let us determine on Table 4:
--0.25

-0(.25 ,.It. - 05 .

1.17

' "" - ... . i ... .. r....-U__
" . . . " .. . ... I
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Page 67.

On the basis of this, ve wiii cktain the following formula of the

relative kinetic energy of the Nucleus of constant mass in the

initial section of the circular jet:

aS laS]e=1-1,14. R ±0,61. A- (122)

In the transient secticn fcrmula (122) must lead to the same

value e., as fcrmula (121).

Producing the appropriate calculations, we are convinced of this.

Thus, with (aS/R o )=0.67;
e', e. = 0,5 15.

The average/mean acccrding to the expenditure/consumption speed

in the nucleus of the tasic secticz of circular jet is expressed by

the equality:

, L , -(123)

!I

In this case integrals S2 and El should be borrowed from Table 6 or

Fig. 38.

The average/mean acccrding to the expenditure/consumption speed
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of nucleus in the initial secticn will be located from the

expression:

U, aSV aS
1.17

-'-3,38. r ! u"

1.17

Containing in this expression integrals it is not difficult to

calculate according to Table 4:

--0.25j U *dt.?.s.' - 0,876 .

1.17

Hence average/mean acccrding to the expenditure/consumpticn speed of

the nucleus of constant mass Jr the initial section of the circular

jet:
-C aS a

" - aS aS-- 1- 0.76. 1 -047 1 (124)U0  ,, Ro

In the transient section where occurs coupling of initial and basic

sec-tions, formulas (124) and 1123) give the identical values of the

average speed:

=O.O! -- I u-, 0,70.

Page 68.
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Fig. 40 depicts the curves cf relative radii, kinetic anergies

and averagg/mean according te the expenditura/ccnsumption speeds for

tha nucleus of the constant mass of circular jet.

Fig. 40 is constrtcted according to fcrmulas (117)-(124).
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....... " -... -•ZI 5
__ .. . . . ._ _ _ _ _ ,, __ _

.T.o

I -, : ° ' ' I a

SIi i ' J . , , , ,

Fig. 40. Curves of a change in the relative radius, the kinetic

energy and the average speed ir the nucleus of the constant mass of

circular jet.
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Page 69.

Part III.

EXAMPLES OF APPLICATION OF 7l11 ECUNDARIES THEORY.

1. Air curtain.

The production process of some industrial constructions (depot,

hangars, garages, etc.) requizes the pericdic opening of enormous

openings (gates) within the external walls.

In the winter time through these open openings are dug in the

considerable masses of surrcunding air, which call the intense

cooling of working locaticn. Fight with the cold by means of the heat

installation under given conditicns proves to be not profitable,

since it requires colossal rcier expenditures.

Therefore usually instead cf the thermal compensation of

cooling, we try to overcome tte the self-digging of surrounding air.

One of the mcst rational methods cf mechanical protection from the

incidsnce/impingement of cold air into the locaticn is air curtain.

The operating principle of air curtain consists of the following. In
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the floor/sex directly before the open gates (Fig. 41) is had

available the slit-shaped air duct frcm which escape/ensues the

inclined (at angle a to the Flare winch) slot jet of air with initial

velocity uo. The wind current cf surrounding air, moving with speed

vo, encounters jet and the aim is to bend it to the side assignment.

Under the action of the wind the jet is bent, and its curvilinear

aerodynamic axis intersects with the plane winch. If intersection

will lie/rest higher than the gates, then building will be completely

shielded from the incidence/inirgement in it of surrounding air. But

if intersection is arranged Itlcw top winch, then the protective

action of air curtain will he cnly partial, since in this case cold

air will penetrate in the building through the clearance between the

intersection and the top winct. The particle trajectory of the bent

jet can be obtained by the geczetric addition of the flows of the

slot jet and wind. For this it is necessary to know each of the flows

indicated individually. It is logical that the wind current on the

basis of one or the other ccrsiderations it is possible to assign.

However, the laws of the course of slot jet are studied in the first

two parts of this work.
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.,o

Fig. 41. Diagram of air curtain.

Paje 70.

Thus, are available all necessary prerqquisites/premises for the

solution of the problem atcut te air curtain. Comparatively large

volume of this of problem fcrced us tc make by its theme of separate

invpstigation. In this example we will examine only approximate

solution of the equaticn cf tte aerodynamic axis (axis of maximum

speeds) of air curtain. Fcr tkis purpose let us replace true jet with

the fictitious jet whose particles move with average/mean In flow

rate (,p) true jet velocity. Jet direct at angle £ to the plane winch

(Fig. 41).

Y axis let us arrange kcii2cntally and direct against the wind.

X axis let us combinot with the plane winch and direct upward. Wind
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velocity we will consider tine-ccnstant and on the height/altitude 1*

FOOTNOTE 1. The fundamental side of matter certainly will not change,

if ws take any other distributicn of the speeds of wind. ENDPOCTIOTE.

The posed problem can be foraulated as follows. To find the equation

of bent axle of air curtain [y=f(1) ], if are known wind velocity

(vo--const) and law of a charge It average/mean in the

expenditure/consumption of speed initial slot jet (cp=uo(x)J.

Vroducing the gecmetric additicu of the wind current and jet, we will

obtain the following ccpcnents cf the speed of the air curtain:
dy -- ' U'p . sin 2 - V,,,

dt I

dX 
(125)

at :-V, "L~*COS6.tt V Utp - o!2

The differential equation of the axis of curtain will appear thus:

-y V; V.,
V=tgm---- 16

From the aerodynamic design of slct jet (§ 9) are known the following

formulas of the average/mean according to the expenditure/consumFtion

speed:
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in initial sectior a as 1,03):

ucp I

aSiU n 1 + ,4 3 . a
b0

b) in basic section aS

.cp U- !p_ . = - = 0,82
U, M Yo ac. +0,41

Here S- distance from the besirning of jet to its given section.

bo - half-width of initial jet cross-sectional area (half-width

of exit slit of the air duct cf curtain)*

In this case when the plane of jet straddle x, it is necessary

to keep in mind that:
S =

cos £

Page 71.

Thus, in the initial section cf the air curtain:

" a.x (127a)
1 0,3 43.--" ' b" Cos 2

In its basic section:

- 0,82- - (127b)
bax, -0,41, Cos '



DOC 81037604 PAGE

The boundary betveen the basic ard initial sections passes to the

p o:int: a xpaint: - 1,03. (127ci
b0 COS. 2

Exprissions (127a), (127b) and (127c) give the possibility to solve

differential equation (126). Let us solve it first for the initial

section of air curtain.

Here:
fly' tg a - C(VO • 1 -+0,43. _ a*., .
dj. cos- -tu. b,..cos

Let us introduce the designaticus:

a.y I

b,-COS
- ax
7v = * ~.os"

Then 
U, COS 2

dy .tgi-v-0,43. .x. (128)d x

whence Y tg . -.-- 0,215. t.x 2 -c (129)

It is not difficult to suzmiae that vith 1-i0:

y' O, % e. C, -O.

Hence we obtain the final equation of the axis of the initial section

of the air curtain:

y'=tg-.x-v-.x-0,215.V.x-. (130)



DOC = 81037604 FAGI

it the end of initial secticn (1z1.C3) we cbtain the following

ordinate of air curtain:

y, = 1,03. tg2 - 1.26.-. (131)

Let us find nov the equation Cf the axis of the basic secticn of air

curtain. 'In this case:

dy dy tg• -1.22. .I/ -+0,41• (132)

dx tg v(12
Whence Y -- tg ,3--o,81 • V (. o,41) '- c,. (133)

Page 72.

In the beginning cf basic section (i=1.03) and at the end of the

initial section the ordinates ct curtain must ccincide:

A Yo -

However, with x=1.03: y,-1,03.-tg-1,41. v+c.;
yO =- 1,03"-tga - 1,26 -"..

The ref ore

c. - 0,15. v.

Thus, the equation of the axis cf the basic section of air curtain

takes the follcving form:

yoer r tg i.x-O,8 • treo.r(fha0,41)xsfa0,15.ir. (c34)

Howvwer, during finding of the trajectory cf the axis of air curtain
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I

shculd be first determined the crdinate of transient section (yo=yo,

and then in region x<1.03 perform calculations according to the

formula (130), in the region z)1.03 - according to formula (133).

Is recommended the fcllcvitg order of the determination of the

trajectory of the axis of the air curtain:

1. To select initial valu.s - ao, v. , u O , bo, a and to calculate

v=(v 0 /uo cos t) ;

2. To assign different values of x and to find the appropriate

values of x=(a-x/ba cos a);

3. From equations 4130) and (133) to find values of y=f(x);

4. To calculate the apprcriate values of y=(yeboocos a/a);

5. To construct the unkccvc curve y=f(x).

It is necessary to ncte that for designing the air curtain there

is the greatpst interest in a auesticn about its range. Mcreover by

range we understand distatce frcu the bottom winch to the

intersection of the axis of curtain with the plane winch. Ordinate of

intersection: . O
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Therefore, the range of cartair is determined by the condition:

0=tgz.-- 0,81 .v- (xx + 0,41) - O,15. V. 1135)

Attempting to simplify linings/calculations, let us disregard/neglect

the low values (0. 41 and 0. 15 ), then:

.w r .5 " 1 .5. . s l n 2 2 .( 1 )
t b /

Let us designate distance from the bottom of winch to the

intersection of curtain with the plane winch by letter H. Therefcre

the final equation of the range cf the air curtain will take the

following form:

H -=S" Cos ,
a

or, that the same H 1,5 t,' - -

ii • -' 2. (137)
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Page 73.

Let us find now such a value cf the angle of the jet inclination (a),

with which air curtain will rcssess maximum range. it is cbvious that

this value of angle a ccrres crds to the condition:

(Il-

whence
Whence2-cos! 2- sin" - 0o.

tg 2 --- 1,41.

Thus, the angle of the maximum 
tange of the air curtain:

%opt = arctg (1,41) 7- 54" 40'. (1L8)

If we substitute this value of angle 
a inte expression (137), then

will be obtained the formula ef the maximum range of the curtain:

H,,,, 0,58. U) (139)
a

At assigned wind velocity it is pcssible tc attain an increase in the

range of curtain either due tc an increase in the width of jet (be).

or due to an increase in the discharge 
v9locity (ue). Let us note

that from an energy point of ljew it is profitable to combine 
the
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large width of curtain with tte low spied cf discharge. About this

testifies equation (139), in which velocity (Uo) is contained

squared, and width (ba) - tc the first degree.

In conclusion it is necessary to indicate the fact that for the

first time the problem abcut the air curtain was solved by eng. V. V.

Baturin I.

FOOTNOTE 1. See V. V. Baturin aid I. A. Shapelev. Air of curtains,

the journal "heating and the ventilation" of No 5, 1936. ENDFOOTMOTE.

Vith the solution of this Froblem V. V. Baturin used the

formulas of average/mean by tff area j~t velocity. It was

subsequently established/installed, which more substantiated to use

average/mean according to the flcw rate velocity, thanks to which was

required to rework the calculaticn of air curtain. By this is

explained the fact that the rescits of our soluticn differ from the

results of deciding V. V. Baterin.

2. Resistance of the labyrinth seal of blower.

The internal pressure cf air blcwer usually differs from

atmosphprico Due to this cccurs constant air leakage through the

clearance between wheel and jacket cf blcwer. For the reduction cf
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the sizes/dimensions of 
leakage to clearance they attempt 

to shae in

the form of the labyrintb 
which creates resistance to motion 

of air

and it impedes the formatica/education of larger flow rate through

thq clearance. The diagram cf the call of labyrinth is depicted in

Fig. 42.

couplete labyrinth seal ccesists 
of the series/row of the

consecutive cells.
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Fig. 1.2. Th. aerodynamic ccnfiguration of flow in the cell of

labyrinth.

Page 74.

It is logical that resistarce cf labyrinth is equal to the sum

of r.sistances of separate cells. Therefore fcr the analysis of

resistance of labyrinth it suffices to examine resistance of one

cell. The physical essence cf flcv in the cell of labyrinth is

reduced to the following: frcu slct 1 Ascape/ensue into the

chamber/camera 2 airstreams with a a velocity of of ug. Being spread

in the chamber/camera, jet is expanded and mixes to itself the

particle of the surrounding stactant air. At the end of the

chambar/camera from the jet is isolated the nucleus of constant mass,

which gathering, flows intc elct 3. The connected masses of air scale

from the nucleus and, underccicn backward notion along the chamber
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walls, again they are mixed tc the active jet. Conceal by form, free

flow (Freistrahl) in the cell cf labyrinth is characteristic fact

that the nucleus of constant mass passes through the cell while the

anoarent additional mass it fcras around the jet locked circulation

of air particles. Resistance cf cell consists of energy losses of the

nucleus of constant mass. The latter are ccmpcsed of two parts:

1) diffprence in the suprlies of energy of the nucleus of

constant mass in the begirning ard at the end of the cell;

2) energy losses of the sudden compression of the nucleus of

constant mass with its inflcw into slot 3.

Let us examinp each of tte composite/compound component parts of
re-sistance of labyrinth separately. Fcr this the circular form of

labyrinth let us replace with flat/plane t.

FOOTNOTE 1. The width cf latyzirth ring is always so small in

comarison wi.th its diameter that without any doubts the annular slot

can be replaced with flat/plare. ENDFCOTNOIE.

In this case we wili deal ccncerning ths studied above flat/plane

free jet. Relative energy lcssqz in thelinitial section of the

nucleus of the constant mass cf slot jot are equal (se formula 106);

e e =0.275" aS-,, 140j
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In this case: S - length of the ciall (chamber/camera) of

labyrinth; ba - the half-width of slots 1 and 3; le, - energy loss

4n the portions of the kinetic energy of jet in slot 1.

In the region of tasic section ths decrease of energy of the

nucleus of constant mass coarrises (see formula 105):

e,, e 1.73A: (141)

-0,41

Coefficient A:,=i,(,) is determined frc tatle: 5 0 3 where;

In this case, accordingly fcroula (101):

0,833

as -- 0,41

If the length of labyrinth cell dces not exceed the length of the

initial section of jet (aS/bo(K1,03), then should be used formula

(140). Otherwise (aS/b0 ,1.03) it is necessary to resort to formula

(141), the order of the use ct which is in detail presented in § 9 of

this work.

Page 75.

The second part of resistance of labyrinth (input resistance
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into slot 3) can be determined according tc the known from the

hydraulics empirical fcrmula cf sudden jet contraction:

0,5. (1 - :. (142)

In this formula: e.e - resistance of the sudden contraction of flcw.

expressed in the portions of the kinetic energy in the narrow part

(in slot 3) ; up - the average speed of flcw before contraction; uo -

the average speed of flow after contraction. Value lc" is determined
U"

in the theory of jet. Let us recall that the discussion deals with

relative value of average acccrding to the flow rate of the velocity

in the nucleus of constant mass, which in the initial section is

determined by formula (108) -
• aS

uc. 0,16. 'S (143)
U0 bo

and in the basic section - by fcrmula (107):

un _ u , U'M 1,2 .4.

U , U ! U 0 0 . .4 1

Here: A, - 0,833

I +0,41

A . A (..,);
%= (Aj.

Therefor@ in the basic secticr:
Lp. -1,44".4.. (144)
U,

The complete coefficient of resistance of the cell of labyrinth,

which expresses energy losses It the porticns of the kinetic energy
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4-n slot 1, is equal to the suE cf coefficients e and

---- e4_ -e.

In the limits of the initial section where aS/bo41.03, drag

coefficient comprises [see foriulas (140) , (142), (143) ]:
A.e'~ + ~ 0,275S aS +o~ ~jU6' Ae, e -=05. '-7 + 0,0128. ,, -. k16

In the basic section when aS/tok.1.03 , drag coefficient is equal to:

1.3 A.4.4 i147)" -- 1_1'73 A,__0,5 [1 -1,44. A..I'.,17
aS
" -- 0,41

Page 76.

If the length of the cell of latyrinth is equal to the length of

initial section (aS/bo=1.03) cf slot jet, then in the equal measure

are suitable both of formulas.

In this case:

:- = 0,3.

Eorder to simplify t1e use of formula (147), let us recall the

rational order of the calculaticns:

0.8331) Fro condition .. find value AgI .-- 0,41

FCCTNOTR 1. Values A select ir accordance with the data of § 6 (just

as during the calculation of ulct jet). ENDFOCTNOTE.
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2) On Table 5 or Fig. 34 they determine '.-f,(A4), and also

. - f: (A) and .

3) Substituting values A2 and A3 into formula (144), they

calculate the drag coefficient cf labyrinth.

Fig. 43 depicts the deperdence of resistance of the cell of

labyrinth on its relative length:
(IS

Very closely to the curve Fig. 43 are arranged/located the

experimental points, ottained ty K. V. Chetysheva in the ventilator

laboratory of TsAGI 2.

FOOTNOTE 2. K. V. Chebysheva. Irvestigation of the model of labyrinth

seal. It is printed in tech. ctes cf TsAGI. ENDFCOTNOTE.

It is interesting to focus attertion on the fact that during

working/treatment of exreriments. we accepted a=0.11, i.e.,

introduced no corrections fcr jet deflecticn in the labyrinth from

the jet in the unlimited space. As is evident, in the experiences of

TsAGI the cell of labyrinth was roomy 3.

FCOTNOTE 3. In the experiences Cf TsAGI the half-width of cell was

qqual to 10 half-widths of sict 1, and the length of cell was varied
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in the limits =(0-23)bo. ENDFCCINOTE.

Let us note that with a small talf-width (1) of the cell when it is

less than the half-width cf free jet, formula (146)-(147) resistances

of labyrinth seal are unsuitakle. In th4 s case the jet will fill all

the section of cell, and enercy lcsses will consist of losses by

shock during the sudden ezpansicn of jet and during its subsequent

contraction:

= 1,5- I I (148)

Here u - velocity in the cell with the continuous filling of its

section with airflow.

Thus, before calculating labyrinth, should be determined

relative value of the half-vidtk cf the free jet
_brP= 2., aS
b _- b,'

and then, if it seems that

b,, bo

to resort to formula (148).

Page 77.

But if It is obtained:

h,, sr a

then should be utilized formulasz (146) and (lqi7).
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3. External resistance of the ccrridor bank of tubes.

Air flow in the corridcr tram of ducts (Fig. 44) has such in

common with the dismantled/seIocted above flow at the labyrinth.

From slots 1 in first rur cf pipes escape/ensue the air

filaments and, being expanded, they are spread in the between-row

space. Here to the basic nucleus of stream are mixed apparent

additional masses from the shadcw regions 1*

FOOTNOTE 1. Shadow we call the regicns, situated after the tubes cf

bundle. ENDFOOTNOTE.

Flowving to the slots of seccnd run cf pipes, streams are split. In

this case basic nucleus is passed in the second series/row of tubes,

and apparent additional mass fozms the locked air circulation in ths

shadow regions. The schematic cf flew in the second and subsequent

between-row spaces almost in rc way differs from the diagram of the

first between-row space. Deviaticn consists only in the fact that the

turbulence of flow after each subsequent series/rcw is somewhat icre

than after preceding/previous. Is explained this by the intense

agitation of free streams in tbe between-row spaces. The ducts of

corridor bundle are usually rectilinear; therefcre the described free

jets can be considered flat/plene.
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Fig. 43. Dependence of the drag coefficient of the cell of labyrinth

on its relative length.

., -, : .,,=-

r- ... . . .

Fig. 44. Flow diagram in ccrridcr bank of tubes.

Page 78.

The resistance of the between-rev space of corridor bundle must be
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defined just as the resistance cf the cell of labyrinth, with the

only the difference, that because of the cylindrical form of tubes,

the compression of the nucleus cf constant mass at the end of the

between-row region (before the subsequent series/row of tubes) will

be smooth and resistance frcu jet contraction virtually will fall.

Thus, the drag coefficiect of between-row space is equal to

relative energy loss in the nucleus of the constant mass of slot jet

at the length of the between-rcu space:

== I - e.. (149)

when the length of betueerz-rcv space does not exceed the length

of the i.nitial section of the jet [see formula 106)] we will have:

1' 0,275 -(O .0

Here S - longitudinal distance between the neighbcring series/rows;

bo - half-width of the transverse between-rcw space is longer than

the initial section, then (see fcrmula (105) ]:

4,73.A. (,51)

asa, - 0.41

moreover value A3 is determined as follows:

0.833
1) Through formula A,= 0.3we find A,.

2rs ----0,41l

2) on Table 5 or Fig. 33, we find ., /( ,and then &3= f,(.).
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We emphasize that the values of the coefficient of jet structure

a in different between-row saces are dissimilar. In the first space

a, it corresponds to usual slct jet (at=aoT0.11).

In the second space a2>a1 , since here flow is additionally

created turbulence due to the free flow in the first space.

In the subsequent spaces:

a, > a..,
a,:;> a,
a. >a4  n&4.

However, alrPady beginning frcu the third space, flow is so created

turbulence that its subsequent agitaticn hardly will be able to

increase substantially value cf a. In other words, it is possible to

expect that:

One should also indicate the fact that values a2 , a 3 , a, ... depend

not only on the agitatien of flcu in the preceding/previous

between-row spaces, but also ca its deturbulizaticn during the

compression of jet in the clearances cf each run of pipes 1.

FOOTNOTE A. See G. N. Atraacvlck. The "principles of the aerodynamic

design of collector/receptacle". Transacticus of TsAGI iss. 231.
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Moscow 1935. ENDFOOTNOTP.

Quantitative estimate of the sagnitude a2* a3 , a* .. extremely

hinders by the absence at cur disfosal of the corresponding

experimental material.

Page 79.

Let us attempt to nevertheless give the tentative analysis of the

resistance of the corridcr bark cf tubes based on one particular

example in which:

1) the longitudinal Fitc I (between the series/rows) of the

bundle:
S=4.b,,

where ba - half-width cf transverse clearance;

2) transverse pitch (between the ducts of one series/row):

I -- "b,,;,

3) thp coafficient of the structure of slot jAt - 0=0.11.

The analysis of experizezts of Syrkin shows that in the jet

after the lattice of ducts coefficient a, approximately/exemplarily,

is 1.5 times more than usual. Tterefore for calculating all
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be'.wien-row spaces of bundle ie accept: I
a= 1,5-a,,-0,17.

Thus, the relative longitudinal ;itch:

aS
-=0,68 .<. 1,0:3.

Drag coefficient of one betveen-rcv space:

,' =0,275- 0,68 = 0,187.

In all in by five-dowlas bundlt are four between-row spaces. Their

total resistancp:

4. ' = 0,75.

Furthermore, on leaving from the latter/last series/row flow is

expanded and fills all the section cf channel. Therefore in the

latter/last series/row cf bundle are cbserved the energy losses to

thq shock:
.,j _ , - - - 0.2.5.

Thus, the coefficient of total drag of the bean:

_,= 4.v'+0,25 1,0.

According to experiments cf Belber I for the corridor bundl- of the

selectad configurations it is ettained:

FOOTNOTE 1. H Reiher. Wlrzeibergang von strzmender Luft an Rohre und

Pbhrenblandel 12 kreuzstov. !crschungsarbelten auf de2 Gebiete des

Ingetieurwesens herausgegeben vcu V 13. 1 Heft 269. ENDPOOTIOTE.
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As we see, our rough estimate can be considered successful. Let us

note in conclusion that withot having available a sufficient

experimental material, we could not the aerodynamic analysis of the

bank of tubes bring to the end/lead, and therefore presented should

be examined only as the attealt to develop the physically

substantiated calculaticn met1cd.

4. Varm and cold airstreams.

Frequently with the ventilation and the hot-air heating of

construction constructions they resort to the forcing into the

locations of cold or wars airstreaus. The trajectories of the air

jets, which escape into the air medium of another density, cannot be

rect..linar.

Page 80.

Cold jet due to surplus density attempts tc be drcpped/omitted dcwn.

On the contrary, warm jet is displaced by surrounding air upward.

Thus, the laws of the rectilizear prcpagation of the free flow are

not completely applicable tc tbe warm and cold airstreams, since in

this case appear the bendinc flcw gravitational forces. It is

necessary to note that the Frcblem about the curvilinear jet was as

early as 1934 set by V. V. Gatuzin I which it sclved it on the basis
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of the ampirical data about the rectil 4 .near jet.

FOOTNOTE 1. See V. V. Baturin and I. A. Shepelev. Approximate

determination of the trajectcry of air flow. "heating and the

ventilation" of No 9, 1934. ENCFCOTNOTE.

In this exampl., with the aid ef the theory of jet, we will derive

the approximate equation cf the aercdynamic axis of circular jet,

which is bent by gravitaticnal fcrces 2.

FOOTNOTE 2. Just as in the case cf air curtain, we replace the

problem about the jet of the aprroximatad by the problem about the

aerodynamic axis jet. ENDFOCCTBC;E.

For this let us assume that:

1) Entire flow mass is .cved with the average/mean acccrding to

the flow rate velocity.

2) Initial jet directicu Is horizontal. In this case the

horizontal component of the velccity will be equal to average/mean

according to the flow rate ef the velocity of rectilinear jet (up).

However, vertical compcnent cf velccity (v,) will be determined by a

difference in the specific gravity/weights in the jet and in the

LAj
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env 4.ronment.

3) Dy the centrifugal fcrc.s which are caused by the

curvilineari*y of jet, it is distegarded.

Problem we will solve in the rectilinear ocordinate system. Y

axis it is directed vertically upward. X axis - it is horizontal,

with the flcw.

The origin of coordiDates consistent with the center of initial

jet cross-sectional area (Fig. 45).

Let us select the arkitrarl element/cell of jet dx with abscissa

x. on this element/cell will act the lift, equal to the product cf

its volume to a difference in the specific gravity/weights:

P -- (",'aa - ,,,-p) .F.,v.

Here 7ata - specific gravity/veight of surrcunding air; - average

soecific gravity/weight cf the element/cell of jet; F - sectional

area of jet; dx - thickness of the element/cell of jet.

Force P will cause the vertical acceleraticn:
ducp P

vhere-  - - mass of the selected element/cell of jet.g1
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Thus, the vertical acceleration cf jet is equal to:

9.I
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'w .,T

Fig. 45. Bending of jet by grevItational fcrces.

Page 81.

Pressures in the jet and cut cf the jet are identical; therefore

specific gravity/weights are Inversely proporticnal to the absolute

tem peratures:
V - f

'c,, -'t

whence AT(

dt T, (152)

In this expression: g - acceleration of gravity; A7"cp-Tcp-T.,a -

excess temperature of jet in section x; rw' - absolute temperature of

surrounding air.

Horizontal jet velocity:

,/X,
'ft -U ,

therefore
dIVP = g. Id ____ 'Xg T.. • ,i.4 - t = g. -;-



DOC = 81037605 PAGE

Introducing into this expression th- initial velocity of jet (uo) and

initial excess temperature (wT,-Ta), we obtain:
,- P IT , , 'Ix

dvp -g .1 T " T ... * 1cp 114

In § 7 it is shown that the fields cf the excess temperatures of free

jet are similar the velccity fields:

A.T.. __

Thus, we have:

AT, dx,/ o -" ;I'.". 11

AT. xVp-g -Tat u,.

In the beginning of jet when x=0:vcj-- 0, i.e. c1=0, thanks to which

the formula of the average/mean vertical velocity appears as follows:
V.k pg -To

- .,

Attompting to simplify the fcllcving linings/calculations, let us

introduce the relative coordinates:

a*x

a.y

Then the vertical velocity:
-v, g. R,, ± E,
-- a zj. T". (154)

Page 82.

Prom the point of view of avetage/mean according to the flow rate
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horizontal speed, the jet cne sbould break in the initial and basic

sections.

In the initial secticn [ see foruula (106a) ]:
U - 076.x- , (155)

In the basic section:
U__ 0,45 (156)
/if) x-f- 0,29

As is known,
'iy - ' (157)

dx UgP

Therefore, having available fcrtulas (154), (155) and (156), it is

possible to compose the differential equation of the aerodynamic axis

of free jet, which is bent by ciavitational forces. Let us comprise

and will solve this equatica fcr the initial section of the jet:

dy _ I g'Ro AT,
dx a 4, T-i-,.x. 1- 0,76.x -1,32x3:;

YgR T [px.dx-- i0,76-x-.x 1,32x. dx -c.
a 4 . W

After producing the necssary linings/calculations, we will obtain:

Y=k .X'.[0,5- o0,25.x- 0,3.x 4-c.],

wherI
k= g"R IT

a U T1

However with ;=0:

O, . e. c. -0.

Thus, the oquation of the axis cf the initial section of curvilimear

circular jet takes the fo11uvirc form:
ye L.L;k-x,.-[0,5 4-,25 -x -- o x03 ( x!]
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At the end of the initial secticn where !0=a.x0 /R0=0.67:

yo 0,36. k.

Let us comprise and vill sclve rcw equation for the basic section of

the jet:

dx

Integration constant c3 can be determined from that condition that in

transient jet cross-secticnal azea (10=0.67):

Y" - y 0,36. k,
whence ca -0.

Page 83.

The equation of the axis cf tte basic section of the bent jet takes

the following form:

y k.xS.L0,32 -- 0,74.x]. (159)

Let us recall that in equaticn 1159) just as in equation (158), is

accepted the designation:
A=_ 1 .R , . T,,(6o

k= -1.1- IT" (160)

The examinod by us case of curvilinear jet is determined by

interaction of gravitational ctrces and forces of inertia of tha

moving/driving jet. From the thecry of aercdynamic similarity it is
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known that in this case air ficv must be characterized by the special

similarity criterion which is called the ctiterion of Proude:
U2

Here g - acceleration of gravity; 1 - linear dimension; uz - square

of velocity.

Scrutinizing into equality 1160), we and actually detect in it

as the factcr Froude's critericr:

a2
gRo(161)

in other words,
-- a - (162)

In conclusion v recommend the following order of the

determination of the trajectczy cf the wars or cold circular jet:

1) knowing initial velccity (uo), initial temperature (T.),

temperature of surrounding air (Tta) and coefficient of jet structure

(a), we compute Froude's critericn:

U

g'Ro

and the parameters:
__ - Tat

r - T.ta

2) We find abscissa and crdinate of transient jet

cross-sectional area:
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yo~y" O =0,36-..,
a a

Page 84.

3. We are assigned by different values of x and compute values

of x=aox/R o. Further, through equations (158) and (159) we find the

appropriate values of j. In this case, if i,0.67, then is utilized

equation (158), but if 10.E7 - equation (159).

4. Finally, from condillicr y=aey/Ro we obtain unknown values y

and we construct curvilinear axis of jet:

=(X).

For the cold jet when ATo<O, we obtain the negative values of

ordinates - jet will be bent dcvnvard. At the same time for warm jet,

in which ATo 0 , will be discovered the bending of jet upwards.

The use/applicaticn cf ttecry and aercdynamic design of free jet

is by far not contained by the dismantled/selected above examples.

With the aid of the theory cf jet it is possiUhe to conduct the

calculations of the flames cf cczbustion, the calculations of the
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effectiveness of the through ventilaticn of industrial shops and many

cthers. without having the ca;akility 4.n the limits of this work it

will stop at all these ;rcbleus, it will hope for the fact that they

will serve as the themes cf fcrther investigations.
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supplement.

Calculation of the expanding turbulent flow 1.

FOOTNOTE I. W. Tollmien "Bereci nvg turbulenter Ausbreitungsvorg'ainge"

ZAMM Bd 6. left. 6. 192E. ENDCCINOCE.

V. Tollmien.

II. Expansion of jet as two-diuensicnal prcblem 2°

FCOTNOTE 2. Is given below the translation/conversion of the 2nd and

3rd chapters of the article cf Icllsien, used by the authcr of this

work. The translation/conversion of the 1st chapter is given in

appendix I to the investicaticr: G. N. Aw-amovich. Aerodynamics cf

flow in open wind-tunnel test secticn. H. 1, the transactions of

TsAGI, iss. 223, 1935. RUCPCCICI .

Frem the wall through the tarrcw slot which during calculations

can be replaced with line, ensues/escapes/flows out the airstream and

is mixed with the surrounding stagnant air.
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If we consider that in ttG jet rules the pressure, equal to

external, then utilizing a thecres cf momentum, it is possible to

produce separation of variables. As the variable/alternating let us

again use x and ,.

As a result of the pressaxe constancy impulse/momentum/pulse in

the direction of x axis must remain constant/invariable:

1 U2.dy COnst.

Assuming/setting

we will ob+tain

XX , ('). P d- =const.

Consequently

X

f 0- IX-f(0)-q 113b)

• ( ) F - F,. (13c)
11

V

Now, as in § 1, it is Foesible to compose the differential

equation which in this case alsc is integrated. The same intermediate

intagral it is possible to cttaln directly from the theorem of

momentum. If we conduct ccmtrcl surface in the manner that this is
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don in Fig. 8, then through Jts lover boundary will be transferred

impulse/uomentum/pulse pouov; from orposite side will occur a change

in the impulse/momentum/pulse:

d .

Page 86.

As the external force will act turbulent shearing stress

-* .c '- '. - -

Thus, appears the following relaticnship/ratio:

-dx

Hence we obtain equaticn for F(-r,):

2. c . [F"]2 = F. F'. (14)

(It usefully for positive values ; the distribution of the

velocities in the region cf regative ones I is cbtained as the

mirror image)

Introducing the appropriate scale for , simplify the

differential equation:

[F"] F.P. (14a)

The order of this differential equation can be lowered, if to

introduce new dependant varlatle z=ln F, otherwise F=e3. Then we

obtain [z4'(Z1)2) 2=Z' and, after assuming z'=Z, let us arrive at the

differential first-order equaticr:

~a ----. - ---.
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Thq solution of the initial eguation is fulfilled after this only by

means of the quadratures and taking the logarithm.

The following conditics must be carried out: when y=O (axis of

jet) , v=O, i.e., F-- e:-O. Since u~F'--Z'- e: when ,=O does not

become zero, then z' when .,=O is equal to infinity of the same order

as as 1 With the changed scale for 70=o we obtain also:
e:

F=O (1 5a)
and F'=1. 15b)

Thus, are established/installed two ccnditions for z which are

sufficient for the differential seccnd order equation. Frcm the

boundary condition u=O, i.e.

Z' = Z 0 (16)

for boundary r is determined value

From equation (14) it is cktained after the integration:
21 1 Z- I I
3 In Z+1) - In [(Z- Z3 I"

from condition zo=Z=- for i=O we find integration constant c:

2O=c-- 3 -. I 3 '
3 2

whence

C , 3

Condition (16) Z=O when i . it gives:

- ~ . arctg -.- . 2,412.
3)
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Page 87.

In order to completely satisfy ccndition (15), it is necessary to

investigatR the behavicr cf differential equation (14) when

,Z ---O..

Since equation (17) in this region is not applicable, then let

us form an equation in the new fcra, suitable for -9=OZ=--z. It is

obvious that with Z-O-:

dZ 4,

Consequently with 0

z --- Inj. -- c,

and F" = z°.e: =C e'

From condition (15b) ve find in this case latter/last integration

constant c1 =0. On the basis of t1e given mcdification, we obtain as

ths asymptotic approximaticn/apiroach when rO:

.... I 0.4 ]-- 0,0O1 , -.

and f
SIn + - 1.-

z In 77I
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Th4 quality of asymptotic apprczimation/approach (18) it is easy tc

judge by means of its ccm~ariscr with precise equation (17) in that

region, in which both of forms cf equation are suitable. The way of

calculation following: they calculate according to formula (17) -q(Z)

and at the same time Z(z'(! and they ottain hence, for example,

by graphic integration, z1,2). ecxecver in the region near 1-=0, z,=oois

utilized above obtained asymptotic approximation/approach.

Hence by taking the logarithm and multiplication we find F=e:

and F=z-.el.

III. Expansion of jet as the Ircblem of axial symmetry.

The corresponding problem with the axial symmetry in which also

the jet escape/ensues frc the iery eyelet within the wall, it is

permitted by accurately the same method as two-dimensional problem.

Assuming that the pressure in the jet is ccnstant, then:

2. U. y. dy - const,

whence we obtain expression fcr u:

Aftpr assuming 1f).

f /()., 1 .d,; -Fi,,,

let us find
F

I .--
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and F' F
'U-

' x.1I

Page 88.

Exactly as in two-disesictal Froblem, on the basis of the

theorem of momentum or integrating equation of motion, we obtain the

differential equation:

C". (F-- r )= F.F'. (19)

Introducing the changed scale for i, we simplify this

differential equation:( " F' \ -
F =F.F'. (19a)

By means of the replacement

z =In F, F. e-,

concluded + (z' - 2 -'

and finally, introducing Z=', we obtain differential first-order

equation:

Z = z_ - -- 2 . (20)

In this case we have available tbe following conditions with .r,u; u
F' I : Ie

does not disappear, when v=O; I.e.FO)=e""=-, , C - -e remains

finite quantity, also, with tke changed scale to equal 1.

Satisfying these conditicns, it is possible z(*) near q=O to

present in the form of series/rcw. In order when 'n=O:e:=O, - must be
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equal to negative x and besides to the same degree as In-2; in this

case F' acquires finite value. Because of this we obtain the

following series/row in which adjacent terms differ on ,

Z- -a-I '' c . 'd 'e. . (21)

Coefficients are established/installed by means of the substitution

of this solution in the differential equation and the comparison of

terms with the equal degrees:

2. 1. 1/ 37
a=- 7 . V 2 ; b-- c = T75; d = 240100, e=O,000014...

The convergence of this series/tow near the jet boundary rr,,(z-O)

very bad; however, it is possItle to give such modification which is

conveniently applied in region .

Le1

and

then

1 1 - 3.a =- - = -;' P

1 3 19 133
64 128. 56.5.,, -256.40.r 4

0.00278

Page 89.
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Integration constant -. , can bo d~teruined via comparison at the

fixed point of values z which are kncvn of both of solutions.

There is obtained

= 3.4.

" i
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